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The comparative population dynamics of Echium plantagineum L. 
between its native and invaded ranges
Abstract
Echium plantagineum L. (Boraginaceae) is a winter annual rosette forb, native 
to the western Mediterranean Basin. In its native environment E. plantagineum is a 
common, but not dominant component of species-rich annual grasslands. Since its 
introduction into Australia during the mid-1800's E. plantagineum has spread to infest 
vast areas of predominantly agricultural land in south-east and south-west Australia. In 
this environment E. plantagineum is often abundant and can be the dominant pasture 
species. In an attempt to unravel the ecological factors responsible for E. 
plantagineum''s high population abundance in Australia, its population dynamics were 
compared between sites in the invaded and native ranges.
Demographic parameters of E. plantagineum populations were estimated at a 
site near Canberra in south-eastern Australia, and at a site near Evora in southern 
Portugal. Identical factorial experiments were set up at each site with treatment 
combinations of the presence or absence of grazing, fertilisation and pasture 
competition. The recruitment, survival, fecundity and seed bank dynamics of E. 
plantagineum populations were measured within each of the treatment combinations 
over two seasons at each site. These data allowed the estimation of demographic 
transition probabilities describing the proportion of E. plantagineum individuals moving 
from one life cycle stage to the next for each of the site by treatment combinations.
The proportion of the seed bank forming established seedlings was 2 to 5 times 
greater at Canberra than Evora, while the proportion of the seed rain being incorporated 
into the seed bank was 3 times greater at Canberra than Evora. Neither the survival rate 
of seeds in the seed bank, as estimated from seed burial experiments, nor the fecundity 
of E. plantagineum individuals differed between populations at Canberra and Evora. 
The survival rate of seedlings to flowering plants was always at least 2 times lower at 
Canberra than Evora.
The demographic data were used to parameterise a density-dependent 
population model for E. plantagineum to simulate population trajectories for grazed and 
ungrazed populations at both sites. Grazed E. plantagineum populations at Canberra had 
modelled population abundances 5 times greater, and growth rates 3 times greater than 
grazed populations at Evora, results broadly consistent with field observations. A
sensitivity analysis of the model showed that these greater population abundances and 
rates of growth at Canberra were mostly due to the greater success of seedling 
establishment there.
A series of experiments were carried out to investigate the factors controlling E. 
plantagineum seedling establishment both in Mediterranean Europe and Australia. 
Experiments comparing the dormancy behaviour and cues required for germination 
showed that Australian and Mediterranean European seeds behaved similarly, other 
than that seeds from Evora germinated mostly in one massed event, while seeds from 
Canberra germinated in multiple cohorts throughout a season. A seedling removal 
experiment removing various classes and proportions of species during autumn 
germination showed that at Evora co-germinating species competed significantly with 
E. plantagineum seedlings and reduced their establishment success. This was not so at 
Canberra. These results strongly suggest that the greater rates of seedling establishment 
at Canberra, as compared to those at Evora, were due to differences in the intensity of 
competition for establishment space imposed by the different plant communities at each 
site. A series of glasshouse experiments, in which E. plantagineum seeds were 
germinated together with a range of densities of various morphological species types, 
identified rosette-forming species as being highly suppressive of E. plantagineum 
seedling establishment. The greater intensity of competition for establishment space at 
Evora was probably due to the considerably higher abundance of competitive rosette 
forb species present in the pasture there, than at Canberra. Differences in species 
richness between the sites may have also acted to increase the competitive effect on E. 
plantagineum seedlings at the richer Portuguese site through the possible supply of 
greater densities of competitor seedlings during autumn germination and, in interaction 
with climatic variation, the maintenance of competitor seedling densities between 
seasons.
The higher value of the proportion of the seed rain incorporated into the seed 
bank at Canberra than at Evora was at least partly due to the greater losses of seed at 
Evora to post-dispersal seed predators, particularly seed-harvesting ants. However, the 
fate of seeds after their removal by seed predators was not determined at either site.
In Australian pastures, E. plantagineum has been released from the strong 
competitive pressure operating within its native community during establishment, as 
well as possibly high levels of seed predation. This has resulted in Australian E. 
plantagineum populations having both higher rates of seedling establishment and 
incorporation of seeds into the seed bank; and thereby higher population growth rates
and densities. An efficient approach for the control of E. plantagineum in Australia may 
be through the reduction of bare ground in autumn to reduce the available space for E. 
plantagineum establishment. In the absence of significant competition from rosette­
forming species, this could be achieved through changing livestock grazing regimes to 
maintain significant perennial vegetation cover during this period. Such changes in 
grazing regimes in combination with biological control agents and spring grazing, 
which may reduce the proportion of seeds entering the seed bank, provide the best 
approach for the management of E. plantagineum in Australian pastures.
Keywords: Echium plantagineum, invasions, demography, species composition, 
species richness.
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Chapter 1 - Introduction
1.1 - The population dynamics of invasive plants
1.1.1 - General introduction
An understanding of plant population dynamics and identification of the 
processes that determine the number of individuals in a population is critical to the 
understanding of a wide range of ecological phenomena (Nisbet and Gurney 1982). 
These processes are pertinent to questions of abundance and rarity, of plant 
distributions, the dynamics of diseases, competition and the structure and dynamics of 
communities (Murdoch 1994). Practical applications range from the conservation of 
endangered species to the control of introduced ones.
The population dynamics of a species in different habitats is an aspect of 
population biology that receives insufficient attention (Watkinson and Harper 1978). 
Plant invasions in which a species exhibits increased rates of population growth and 
abundance in a new environment as compared to its native environment, a result 
essentially of differences in population dynamics between environments, have rarely 
been considered explicitly from this demographic perspective. Generally, studies of 
invasions have focused on particular attributes of species (eg. Bazzaz 1986), or 
particular attributes of the invaded environment (eg. Burke and Grime 1996), thought to 
be important in the success of an invasive species. For example, studies have often 
focused on the importance of release from co-evolved natural enemies in a new 
environment, thereby allowing greater plant performance. Occasionally, as in the case of 
the invasion of Prickly Pear (Opuntia sp.) into Australian woodlands, this has been an 
important explanatory factor and the release of natural enemies (in this case the moth 
Cactoblastis cactorum) into the invaded environment as part of a biological control 
program dramatically reduced population abundances (Monro 1967). A survey of weed 
biological control programs using introduced predators and pathogens showed, 
however, that only between 25 and 40% of programs could be considered effective 
(Julien 1982), suggesting that release from predators or pathogens is often only one of a 
number of factors at work in allowing an invasive plant to achieve greater population 
abundances in a new environment.
The advantage of comparative studies of the entire process of how abundance is 
determined both in the native environment of a species and in one in which it has 
become invasive, over studies of individual processes, is that it may yield a more 
complete picture of why there are performance differences between the two 
environments. Such an understanding requires a knowledge of the contribution of all the 
various components of life history to population growth and the determination of 
population abundance. By determining which components of the life cycle contribute to 
the greater success of a species in a new environment, differences in specific
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demographic parameters can potentially be traced to differences between environments 
in processes such as competitive interactions or the effects of predators or pathogens. 
This may lead to a better general understanding of the mechanisms behind why one 
environment is more invasible than another, or some species more invasive than others. 
A further advantage of such an approach is the potential to develop more efficient 
control methods for invasive species by targeting vulnerable stages of their life cycle.
This project used such a comparative demographic approach to investigate the 
factors determining the abundance of populations of the plant Echium plantagineum L. 
(Boraginaceae) both in its native range in Mediterranean Europe and in its invaded 
range in south-east Australia, in order to better understand the reasons for its dominance 
in Australia. Echium plantagineum is a winter annual native to the western 
Mediterranean Basin where it is often common, but rarely dominant. Since its 
introduction to Australia during the mid-1800's, E. plantagineum has spread to infest 
and dominate vast areas of predominantly agricultural land to become a major pasture 
weed (Piggin and Sheppard 1995). The three key questions asked in this project were:
1) What are the differences in demographic parameters between E. plantagineum 
populations in the native and invaded ranges?
2) Which of these differences in demographic parameters are most important in 
determining the differences in population abundance between the native and 
invaded ranges? In particular, which demographic differences limit populations of 
E. plantagineum in the native range more so than in the invaded range?
3) What are the ecological processes creating the differences in demographic 
parameters between the native and invaded ranges?
The following review describes firstly, current understanding of how plant 
population size is determined, secondly, how these mechanisms can be altered by a 
species invading a new environment, and thirdly, describes the approach and methods 
used in this project to investigate the mechanisms determining the population abundance 
of E. plantagineum both in its native and invaded ranges.
1.1.2 - What determines the size of populations?
"The unrestrained growth of populations is unknown and unrestrained 
population decline leading to extinction is extremely rare. Moreover, the fluctuations in 
all populations are at least limited enough for us to be able to describe them as common, 
rare and so on" (Begon and Mortimer 1986). These observations suggest that natural 
populations are subject to mechanisms which can act on a range of starting densities and 
bring them to a much narrower range of final densities; in other words regulate them. 
Murdoch (1994) defines such regulation as bounded fluctuations in abundance. While 
our understanding of the regulation of natural populations is far from complete (Hassell 
and May 1990), there is now widespread agreement that the pattern of persisting
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populations and the determination of population size result from the interaction of both 
density-dependent and density-independent processes (Watkinson 1987).
Density-independent processes are those which act to increase or decrease the 
reproduction or survival of individuals in a population independently of the density of 
the population. The density-independent growth rate of a population with discrete 
generations such as an annual plant can be expressed as:
Nt+1 = XNt
where Nt+1, the size of a population at time t+1, is a function of Nt, the size of the 
population at time t, and X, the finite rate of population increase. The value of X is the 
product of reproduction and survival values, and is a measure of the net number of 
individuals produced per individual in the previous time period. If X is greater than one, 
it indicates that population size is increasing; if less than one, it indicates population 
size is decreasing; and if equal to one, indicates population size is stable. The value of X 
indicates how a population would be expected to behave if present conditions continued 
unchanged (Caswell 1986). Fluctuations in the value of X from year to year may be 
caused by weather, predators or any other component of the environment which 
influences rates of survival or reproduction (Andrewartha and Birch 1954).
The persistence of populations, however, is not just a result of a fortuitous 
juggling act of a pot-pourri of environmental factors balancing out increases and 
decreases in a, (Hassell 1986) as the density of a population can also affect its rate of 
growth. Increasing density and resultant crowding can result in feedback processes such 
as increased competition between conspecifics for nutrients or other resources 
(Palmblad 1968), increased herbivory (Murton et al. 1966), disease (Augsperger and 
Kelly 1984) and parasitism or predation leading to decreased individual survival and 
reproduction. For annual plants, density has been shown to affect reproduction 
(Watkinson 1985, Andrew 1986a) and more rarely survival (Symonides 1983, Sheppard 
et al. 1991). Furthermore, Watkinson et al (1989) demonstrated that such density- 
dependent control of fecundity in the annual grass Sorghum intrans operates across the 
range of densities seen in the field, not just at low or high densities. Results of other 
studies, however, have detected density-dependent processes operating only weakly or 
sporadically (Fowler 1986) whilst Symonides (1988) went so far as to suggest that 
fluctuations in populations in unpredictable environments may be mostly the result of 
variation in the physical and biotic environment, with little effect of density-dependent 
regulation. Although as yet we know relatively little about the intensity, frequency, 
effectiveness and nature of density-dependence in natural plant populations (Fowler 
1995), it is only through regulatory processes such as these, which decrease the growth 
rate of a population as density increases, that we can explain why populations do not 
increase without bound and how they can persist in the face of an uncertain and
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fluctuating environment (Watkinson et al. 1989). Results of modelling studies have 
shown that sufficiently severe density-dependence may induce cyclic or chaotic 
population fluctuations, although the significance of this finding to natural populations 
remains a matter of debate (Silvertown 1991, Rees and Crawley 1991, Cousens 1995).
Density-dependent processes may thus regulate populations by decreasing 
population density when it rises to particular levels and allowing it to increase below 
these levels, but population size is determined by the interaction of both density- 
independent and density-dependent processes. In order then to determine the size of a 
population we need to quantify its fecundity, the various sources of mortality affecting it 
and the response of each of these processes to density. This aim can be achieved only by 
making detailed observations on the fates of individuals both in the vegetative and seed 
phases of the entire life cycle (Watkinson and Harper 1978). Given the wide variety of 
processes that have the potential to regulate populations and the many scales at which 
such density-dependence can operate, it will always be a difficult task to avoid 
overlooking important factors (Hassell 1986).
1.1.3 - Plant invasions and the determination of population size
1.1.3.1 - Plant invasions, an introduction
A plant invasion occurs when a species colonises and persists in an ecosystem in 
which it has never been before (Mooney and Drake 1989). There is nothing inherently 
unusual or unnatural in such movements with many paleo-ecological studies having 
recorded considerable change in species ranges (Vermeij 1991). Human-mediated 
transfer of species is unique, however, in its ability to transfer new species across 
virtually any biological barrier with a speed largely unknown to natural systems. The 
scale of recent plant invasions is also enormous with, for example, some 1500 to 2000 
species of plants established in Australia in only 200 years of European settlement 
(Mooney and Drake 1989). Weed invasions have been the focus of much scientific 
enquiry due to their potential to create economic losses in agriculture, their ability to 
alter habitats dramatically by displacing native species and thereby alter ecosystem 
function (Braithwaite et al. 1989, D'Antonio and Vitousek 1992), as well as their 
interest as natural experiments (Thompson et al. 1995).
Many invaders establish and spread but most do not constitute a major problem 
unless they reach high densities or lead to some major alteration in the structure or 
functioning of the invaded environment (Williamson and Brown 1986). This review will 
concentrate on plant invasions where species exhibit considerably greater rates of 
population growth and abundance in the new environment, than in the native one. 
Examples of such invasions include the large numbers of Mediterranean European 
species which have become abundant invasive weeds over large areas of southern 
Australia but occur only as minor components of the flora in their native range
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(Wapshere 1984). The following sections will discuss how the population dynamics of 
an invasive species might be altered between its native and introduced ranges, so as to 
allow greater population abundance in a new environment, with particular reference to 
those aspects of invasive species and potentially invasible ecosystems that have been 
suggested as being important in facilitating invasions.
1.1.3.2 - Changes in the population behaviour of invasive plants
The abundance of a species in its native environment reflects its ability to 
survive and reproduce successfully. Factors regulating survival and reproduction include 
competition with other species, losses caused by predation, herbivory, diseases and 
parasitism and the presence of suitable mutualists. If all communities had the same 
structure and organisation, we might expect that an invader into a new community 
would show a similar success there to that in its original community, provided abiotic 
conditions were suitable for population growth. Communities are not all the same, 
however, and opportunities may exist in a new community, where one or more of the 
factors regulating survival and reproduction are weaker or do not exist, for an invasive 
species to increase in abundance in the absence of previously encountered limits to 
population growth. In particular, a plant outside its native range may be freed from 
many of its co-evolved constraints to population growth, such as specific herbivores or 
pathogens, with the result that survival and reproductive parameters can increase, 
thereby changing the population dynamics from those in the more closely evolved 
native system (Crawley 1987). Conversely, entry into a new environment may have 
negative consequences such as the loss of genetic diversity and of specialist pollinators 
and dispersers (Thompson et al. 1995). For example, Good (1964) hypothesised that the 
failure of Viola odorata and Primula sp. to establish in New Zealand was caused by a 
lack of appropriate insect pollinators.
Crawley (1986) formalised these ideas in a simple conceptual model in which 
we can visualise the growth rate of a species in a new environment, assuming abiotic 
conditions are similar, as its growth rate (X) in its original environment modified by 
increases or decreases in competitive effects, natural enemy effects (predation, 
herbivory, disease, parasites) and effects of mutualists (pollinators, dispersers) in the 
new environment. Using this model we can view invasions from the perspective of 
environmental filters, which may regulate the survival and reproduction of a population 
differently between the native and invaded ranges. Unfortunately, for untried species in 
new environments, we have virtually no ability to estimate the changes in these above 
parameters.
Noble (1989) considered how the demographic parameters of a species may 
change in response to differences in environmental filters between a native and invaded 
environment. He developed a matrix model in which in a native environment the 
reproductive output of a species, measured as seeds incorporated into the seed pool, was
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considered as the product of fecundity and all of the reproductive losses between seed 
production and the next generation’s seed pool. If the species is considered to be in 
approximate equilibrium with its native environment, that is its intrinsic rate of 
population increase equals 1, then the product of the survival terms from a seed through 
to an adult plant, flowering and back to the seed pool is 1. If population parameters such 
as the rate of seed survival, the survival rate of adults and fecundity are considered as 
being largely genetically-determined, physiological properties of the species, then they 
are unlikely to change rapidly in a new environment with similar physical features. 
However, parameters such as reproductive losses between flowering and the seed pool, 
which are largely determined by seed predation, the rate of seedling establishment and 
the survival rate of seedlings to adults, which are largely determined by competition for 
limiting resources, are site-dependent factors. Increases in any of these site-dependent 
parameters will increase seed production beyond the original equilibrium conditions and 
a rate of fecundity which was appropriate for the native conditions would now be 
excessive, and population growth of the invasive species potentially rapid.
An example of this phenomenon is the introduction of the shrub 
Chrysanthemoides monilifera from South Africa into Australia. Weiss and Milton 
(1984) documented dramatic increases in survival of seed of this species in Australia 
from flowering into the seed pool, with the greater numbers of surviving seeds 
establishing extremely large seed pools. Similarly, increased rates of seedling 
establishment of the shrub Eremophila mitchelii, due to grazing decreasing grass density 
and thereby competition, seem to have contributed to its dramatic increases in density in 
semi-arid Australia (Hodgkinson and Beeston 1982). This example illustrates that 
changes in site-dependent factors, such as rates of seedling establishment, can be 
equally the result of changes in disturbance regimes in the same community as the result 
of the movement of a species into a new community.
Lonsdale (1996) showed, furthermore, that due to the generally nonlinear 
relationship between fecundity and the density of a population, that results from density- 
dependent effects, a minor change in mortality levels can produce either a major, or 
minor change in density depending on the position of the population along the curve. 
This observation was applied to an understanding of the potential effects of control 
measures on population size, but it may apply equally well to the case where a small 
decrease in mortality in a new environment may allow an invasive species to achieve 
disproportionate increases in population abundance.
1.1.3.3 - Invasions and species characteristics
Attempts to predict which particular species, or types of species, are likely to 
become important weeds have mostly revolved around the development of lists of traits 
supposedly possessed by invasive species (Baker 1965, Rejmanek and Richardson 
1996). Such attempts to predict which species are likely to become weeds have been
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largely unsuccessful (Lodge 1993). A broad set of characters of successful invaders can 
be put together (eg. high rates of population increase, high dispersal rate, long seed 
longevity, early reproductive maturity: see Lodge 1993) but this does not give a useful 
mechanism for predicting likely invasions as firstly, not all invaders show the 
characteristics, and secondly, many noninvasive plants show some of the characteristics 
(Roy 1990). However, one species trait, relating to population dynamics, that may be 
important in allowing a species to become invasive was identified by Noble (1989). A 
species which has high numbers at any stage in the life cycle in the native environment, 
followed by high mortalities, could be seen as potentially invasive. Any decrease in 
mortality at that stage of the life cycle in a new environment could quickly lead to large 
increases in the flux of individuals through the population and thereby perhaps increases 
in population growth rate and density. While the development of lists of characteristics 
of successful invasive species provides little predictive power, such a protocol may be 
useful in the control of plant importation where wide-risk avoidance is necessary and no 
other criteria are available (Panetta 1993).
1.1.3.4 - Invasions and environmental similarity
The first change in environmental filters which an invasive plant might 
encounter in a new environment are differences in abiotic conditions with direct impacts 
on survival and reproduction. If climatic or soil conditions are not suitable for 
population growth, the species will not establish. Cases may also exist where what 
appear today to be well established alien members of a community may not yet have 
been exposed to particular environmental extremes that will eventually prove fatal to 
them (Crawley 1989). Generally, the abiotic similarity of an invaded environment in 
terms of climate and soil type to that of the native environment has been shown to be an 
important pre-requisite for weediness (Panetta and Mitchell 1991). Thus some level of 
pre-adaptation increases the chances of successful invasion (Forcella and Wood 1984). 
In some cases, differences in abiotic environmental filters may be more favourable to a 
species in a new environment than in its native environment. For example, more 
frequent summer rainfall in Californian rangelands than in the Mediterranean Basin 
allows the invasive Mediterranean annual species to grow for longer into the summer 
than the native plants, a trait which may give them a competitive edge if it increases 
their fecundity (Crawley 1987).
1.1.3.5 - Invasions and disturbance
Plant communities are generally more invasible when subject to some form of 
disturbance (Hobbs and Atkins 1988, Burke and Grime 1996). Examples include the 
invasion of woody weeds into semi-arid and tropical Australia in response to excessive 
grazing (Lonsdale 1993a) and the invasion of weed species into roadside reserves in 
Western Australia after fire (Milberg and Lamont 1995). A disturbance is any event
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which destroys biomass and through this process releases space or resources (Pickett 
and White 1985). Disturbances can increase the likelihood of invasion of a new species 
into a community through increasing the availability of a limiting resource or disrupting 
strong species interactions and thereby reducing competition amongst the indigenous 
species (Hobbs 1989).
Suppression by a closed cover of established indigenous vegetation has been 
cited as the major factor reducing the probability of successful invasions (Rejmanek 
1989), generally through its resistance to colonisation by new plants (Bullock et al. 
1995). Similarly, Burke and Grime (1996) found that the level of bare ground was 
consistently the most important factor determining the probability of successful seedling 
establishment by introduced species. Disturbances create gaps in vegetation and may 
increase seedling emergence and survival of invasive species (Hullu and Gijfimingham 
1984, O'Connor 1991), probably through the release of light and mineral nutrients 
(Pickett and White 1985) and the creation of increased numbers of safe sites for 
establishment (Harper 1977). It is most likely that disturbance acts to decrease the 
negative influences of the "competitive effects" filter in Crawley's (1986) conceptual 
model, and thereby decreases losses particularly at the seedling establishment as well as 
the survival of juvenile to adult stages of the life cycle of Noble's (1989) model; an 
invasive species would thus be able to increase its growth rate.
Communities subject to high rates of endogenous disturbance, defined as that 
which communities have been repeatedly exposed to through evolutionary time (Fox 
and Fox 1986), to which the local plant community is adapted, may nevertheless have 
high degrees of resistance to invasion (McIntyre et al. 1988). Species that respond 
slowly to disturbance should be lost from such frequently disturbed systems. Instead 
these systems may contain species that benefit from disturbance (Kotanen 1997). Such 
species may have a high potential to become invasive plants. An example of this pattern 
are the world's temperate grasslands, where those grasslands with an evolutionary 
history of hooved mammalian grazers have been a source of many of the most 
aggressive plant invaders, particularly into those grasslands without such an 
evolutionary history once livestock grazing was established by European colonists 
(Mack 1989). These invasions are also an example of the simultaneous introduction of 
an alien species and of the disturbance regimes under which they (at least partly) 
evolved (Roy 1990).
It has been observed that some invasions may proceed seemingly in the absence 
of novel disturbance; for instance the invasion of Pinus sp. into Australian plant 
communities dominated by Eucalyptus and South African “fynbos” communities 
(Burdon and Chilvers 1977, Richardson et al. 1990). These may be examples of the 
displacement of a native species from a relatively undisturbed community by an invader 
with a distinct competitive advantage, or an invasive species utilising an otherwise 
unoccupied niche in the invaded community (Newsome and Noble 1986). Alternatively,
8
they may arise from a subtle modification in endogenous disturbance regimes that has as 
yet not been identified (Fox and Fox 1986).
1.1.3.6 - Invasions and productivity
Some evidence suggests that communities with high rates of plant biomass 
production and litter accumulation are less conducive to seedling establishment and thus 
possibly to invasion (eg. Tilman 1993). Productive habitats support high growth rates 
and large amounts of biomass, which may result in the pre-emption of space and light 
and thus the intensity of competition increasing with increasing productivity (Grime 
1979). These higher intensities of competition may lead to the invasibilty of a 
community decreasing with increasing productivity. For example, Burke and Grime 
(1996) found that at the same disturbance intensity, productive sites were less prone to 
invasion than unproductive sites. Other evidence, however, points to productive 
environments being more invasible, especially in interaction with disturbances (eg. 
Hobbs and Atkins 1988) where considerable resources may be available for use by 
invasive species. Human related disturbances (eg. pasture management, eutrophication) 
are often associated with large influxes or the redistribution of nutrients and it is perhaps 
not suprising that many of the most successful plant invasions have occurred in such 
habitats (Fox and Fox 1986, Rejmanek 1989). The spread of a fortuitously adapted 
group of species commensal with human activities into environments in which 
disturbances and increases in productivity have disrupted functioning of the native 
ecosystem has been identified as one of the major patterns of plant invasions (Newsome 
and Noble 1986). Thus, productivity differences between environments are most likely 
to influence the survival and reproduction of an invasive species by altering the strength 
of the "competitive effects" filter in Crawley's (1986) model, although prediction may 
be difficult due to interactions between productivity and disturbance.
1.1.3.7 - Invasions and diversity
Theoretical considerations of how diversity may affect invasibility have 
identified the possibilities of invasive species filling empty niches in less diverse 
communities (Elton 1958, Lawton 1994) and that diverse communities may have a 
greater number and strength of species interactions thereby leading to greater 
competition (Case 1991). Allied with these two hypotheses is the idea that an invasive 
species has a greater chance of meeting a morphologically similar, strong competitor in 
a more diverse community. Indeed, recent modelling studies have demonstrated that the 
probability of colonisation success for an invader may decrease with the number of 
species and the strength and variance of interspecific interactions. Communities 
composed of many strongly interacting species may limit the invasion possibilities of 
competing species (Case 1991, Law and Morton 1996). However, observational and 
manipulative studies have yielded both positive (Robinson et al. 1995, Palmer and
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Maurer 1997) and negative (Tilman 1997) relationships of the invasibility of a 
community with increasing plant diversity. Interpretation of these results is, however, 
complicated by the fact that the diversity of a community is confounded with other 
effects, as the previously discussed factors of disturbance and productivity play major 
roles in determining the diversity of a community (Hobbs and Huenneke 1992, Huston 
1997). Clear demonstrations of how diversity in the absence of confounding effects can 
mechanistically decrease the invasion of a community, for example through increased 
competitive effects, are lacking (Huston 1997). Differences in diversity between two 
communities may thus modify the "competitive", "natural enemy" and "mutualist 
effects" filters of Crawley's (1986) model in complex ways. For example, competitive 
effects may be stronger in a more diverse community, but the probability of the 
presence of an appropriate pollinator or other required mutualist may also increase with 
increasing diversity. Consequently, differences in the demographic parameters of a 
species, and thus in population abundance, between communities of high and low 
diversity are difficult to generalise.
1. 1.3.8 - Invasions - the interplay between site and species characteristics
It is becoming increasingly apparent that species characteristics must be assessed 
in relation to the characteristics of the environment subject to invasion. The coloniser 
and the colonised are partners in the process and the risk of an invasion can only be 
assessed with an understanding of the structure and regenerative characteristics of the 
target community matched with some knowledge of the functional characteristics of the 
species likely to invade (Burke and Grime 1996). The required attributes of an invader 
are strongly habitat-dependent and this probably explains the wide variety and 
nonspecificity of lists of traits possessed by invasive species. For example, in cool, 
damp, perennial-dominated environments, clonal growth and competitive ability may be 
important, while in more xeric, seasonal habitats, characteristics such as rapid 
germination and seed production can be more important (Thompson et al. 1995). The 
fact that history, chance and deterministic factors such as a match between the 
opportunities in a community and the characteristics of an invasive species act together 
to shape invasions (Lodge 1993) emphasises the complex, case-specific nature of the 
process. Predicting how environmental filters may change between the native and new 
ranges of an invader, and thus how demographic parameters and ultimately population 
growth rates and abundances may change, is open to few, if any, generalisations.
It is probable that any prediction of how the behaviour of a species may change 
between its native and a potentially invasible environment will require studies of the 
species both in its native range, to assess its ecological characteristics, and in the target 
habitat, to assess the changes likely to arise in those characteristics (Noble 1989). This 
same approach may be powerful in increasing our understanding of why an invasion has 
occurred after the event, and is the basis of the approach used in this thesis.
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1.2 - Echium plantagineum L. - an example of an invasive species
The pasture weed E. plantagineum is an example of a species whose abundance 
tends to be generally higher in its invasive range in south-east and south-west Australia 
than in its native environment of the western Mediterranean Basin (Piggin 1977a). In 
Australia it has naturalised to the extent that it is perhaps one of the most common and 
characteristic plants of large regions of southern Australia (Forcella et al. 1986) whereas 
in the Mediterranean region E. plantagineum is rarely dominant, and is only 
occasionally considered a weed (Holm et al. 1979).
1.2.1 - General biology
The following description of E. plantagineum is based on that of Piggin (1977a). 
Echium plantagineum L. (Boraginaceae) is a winter annual species of rosette 
morphology (Fig 1.1). Common names for the plant in Australia include Paterson's 
Curse, Salvation Jane and Purple Bugloss. During late summer and autumn rains it 
germinates from a persistent seed bank and rapidly forms a large flat rosette of hairy, 
broadly ovate leaves with prominent veins (50-200 mm long, 15-100 mm wide). This 
rosette continues to grow until late spring with the plant storing reserves in a large tap 
root. In spring a paniculate inflorescence of numerous branched cymes is produced 
bearing characteristic purple flowers (one to many cymes, usually between 20-60 cm 
long). These flowers are tubular with a broadly funnel shape and range in colour from 
the normal purple to blue, pink and occasionally white. After the ripening of the roughly 
triangularly shaped seeds in early summer (2 by 2.5 mm), the rosette senesces and the 
plant dies, although summer rainfall, sometimes experienced in Australia, can postpone 
plant death until later in summer.
1.2.2 - Distribution and history of introduction into Australia
The genus Echium is thought to have a centre of evolutionary diversification, as 
evidenced by high species diversity, on the Iberian Peninsula and a second subsidiary 
centre on the Canary Islands (Wapshere 1974). Echium plantagineum is a native of the 
western Mediterranean Basin. In this native environment E. plantagineum is a common, 
but not dominant component of species-rich Mediterranean annual grassland 
(Fernandez-Ales et al 1991, 1993). These grassland communities have evolved in 
response to the twin pressures of a mediterranean type climate with a pronounced 
summer drought, and human agricultural activities, particularly the grazing of large 
herbivores, for at least the last several millennia (Le Houerou 1981).
Echium plantagineum has spread widely throughout the world and has been 
recorded from southern Africa, the Americas, New Zealand and Australia. It is one of a 
large number of species from the Mediterranean Basin to have become troublesome 
weeds in Australian agricultural systems (Fox 1990). It was first introduced into 
Australia intentionally as a garden plant around the 1850's and was listed in various
1 1
Fig 1.1 - Habit diagram of Echiumplantagineum (a) seeds x 10 (b) seedling x 1 (c) 
rosette x 0.5 (d) flowering branch x 1. Reproduced from Piggin and Sheppard (1995).
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nursery catalogues and as growing in various botanic gardens during this period (Piggin 
1977a). Other forms of introduction have also occurred and Breakwell (1917, 1918, 
cited in Piggin and Sheppard 1995) listed E. plantagineum as a contaminant in seed 
imported from Morocco and France. Forcella et al. (1986) considered that there were at 
least four isolated points of successful introduction in Australia with the current 
distribution representing the amalgamation of fronts spreading from these points.
Echium plantagineum was widely planted in gardens and escaped from these to 
become widely established in agricultural areas throughout southern Australia. Piggin 
(1977a) considers that E. plantagineum was naturalised in New South Wales, Victoria, 
Tasmania and Western Australia before 1890. Echium plantagineum is now common 
and often abundant, infesting some 32.8 million hectares of agricultural land throughout 
south-west Western Australia, southern South Australia, south-east Queensland, central 
and southern New South Wales, Victoria and Tasmania (Piggin and Sheppard 1995).
Echium plantagineum is largely restricted to higher rainfall areas in south-east 
and south-west Australia with either a mediterranean type climate, or precipitation 
tending towards evenly distributed rainfall. Within this area it is found on acidic soils 
and predominantly in improved pasture communities comprised mostly of other 
introduced species such as Trifolium subterraneum, Vulpia myuros, Avena sp. and 
Bromus sp.. Echium plantagineum rarely invades undisturbed natural communities.
Echium plantagineum contains liver-damaging pyrrolizidine alkaloids (Culvenor 
1956). This toxicity to animals coupled with its ability to exclude other more beneficial 
pasture species have led to its being considered one of Australia's worst broad-leaf weed 
species (Parsons and Cuthbertson 1992). However, E. plantagineum is also a major 
source of flowers for honey production and some consider that its forage value is similar 
to that of many species considered as useful pasture plants (Piggin 1977b). These 
conflicting values led to considerable debate as to the weed status of E. plantagineum. A 
study conducted by the Industries Assistance Commission in 1985 concluded that E. 
plantagineum cost Australia some $30 million per year in lost production, costs of 
control and stock losses, and that its successful control would be in Australia's interest 
with a benefit: cost ratio of 9:1 (Piggin and Sheppard 1995).
1.2.3 - Previous research and the biological control program for E. plantagineum
Because of its importance as a weed species, E. plantagineum has been the focus 
of considerable scientific effort in Australia. In particular, E. plantagineum has been a 
target weed for biological control in Australia since 1971 with the Commonwealth 
Scientific and Industrial Research Organisation (CSIRO) conducting considerable 
research on the ecology and natural enemies of E. plantagineum both in Australia and in 
Mediterranean Europe. Biological control by natural enemies involves identifying 
predators or pathogens that limit an invading plant's growth in its native range and that 
can be safely introduced into the invaded area to act as a control agent. Successful
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biological control was considered possible for E. plantagineum because observations in 
the native range showed that all parts of the plant were attacked by one or more insects 
and that the climate of the native range and areas invaded by E. plantagineum in 
Australia were similar (Wapshere 1985). The leaf mining moth Dialectica scalariella, 
the crown weevil Mogulones larvatus, the root weevil Mogul ones geographicus, the flea 
beetle Longitarsus echii, the stem boring beetle Phytoecia coerulescens and the beetle 
Meligethes planiusculus have been released in Australia. To date, between 1 to 10 years 
after release, isolated examples of significant damage to individuals and populations of 
E. plantagineum in the field due to the released agents have been observed (Piggin and 
Sheppard 1995), but not general declines in the abundance of E. plantagineum over 
large regions (A. Sheppard, pers comm.). It may take considerable time for the success 
or otherwise of the releases of biological control agents to become apparent.
Initial research by CSIRO on factors affecting the survival and reproductive rates 
of E. plantagineum both in its native range in Mediterranean Europe and in its invasive 
range in Australia concentrated on competitive interactions, grazing and natural 
enemies. Experiments within the native range of E. plantagineum, in which pasture 
competition and the presence of natural enemies were manipulated showed that the 
presence of natural enemies resulted in a reduction in plant seed production only in the 
absence of pasture competition (Sheppard 1996). There was no evidence of an impact of 
natural enemies in plants experiencing normal pasture competition. A further 
experiment in which the presence of natural enemies and livestock grazing were 
simultaneously manipulated also indicated that natural enemies in the native range were 
having a negligible impact on plant performance (Forrester 1992). However, results of 
other studies in Australia under field conditions with the maintenance of insect 
populations on plants, or in pots, have shown that many of the insect species found on 
E. plantagineum in the native range have the potential to cause considerable decreases 
in plant size, survival and seed production (eg. Sheppard 1996, Swirepik et al. 1996). 
The role of natural enemies in limiting the performance of individuals of E. 
plantagineum in the native environment remains unclear, but it appears that this effect is 
slight and can be overshadowed by the more dominant regulatory effects of grazing and 
competitive interactions with other species in the pasture (Forrester 1992). With 
reference to the biological control program for E. plantagineum, natural enemies of E. 
plantagineum are being introduced into the Australian environment without their own 
natural enemies and the resulting plant-herbivore interactions may take a form different 
from that in the native environment.
There is some suggestion that the competitive effects identified as being 
important in the native environment may be less intense in the Australian environment. 
Piggin (1976b, 1978) showed that in Australia E. plantagineum shows high competitive 
ability relative to its major competitor (Trifolium subterraneum) both in its prolific 
seedling establishment and in experiments of mixtures of the two plants grown together
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in pots. Species richness is also considerably higher in the native range of E. 
plantagineum than in Australia (Smyth et al. 1992), and it has been hypothesised that 
this may increase the strength of competitive interactions in the native range relative to 
invaded areas (Piggin and Sheppard 1995). The competition treatments used in the 
previously described experiments in the native range (Sheppard 1996) took the form of 
a fortuitous post-seedling-emergence cultivation which allowed survivors to grow under 
reduced competitive pressure from neighbours. Such a treatment may have complex 
effects, both in reducing the emergence of some species and in stimulating the 
germination of others, and is difficult to interpret. Consequently, the nature and 
mechanisms of any differences in competitive effects between the native and invaded 
ranges of E. plantagineum remain to be clarified.
The results of controlled grazing treatments have been unclear with the presence 
of grazing leading to decreases in E. plantagineum abundance at some Australian sites 
(Myers and Poole 1963, Pearce 1972, Piggin 1979), and to increases at other Australian 
sites (Smyth et al. 1992, Sheppard et al. submitted). Results from a grazing removal 
experiment within the native range showed that populations of E. plantagineum 
increased in density in ungrazed plots, as compared to grazed plots (Forrester 1992), 
suggesting that grazing may have a limiting effect on E. plantagineum abundance in the 
native range. These apparently conflicting results can possibly be reconciled if at 
moderate grazing intensities the benefits of disturbance enhancing establishment rates 
are greater than the negative effects of defoliation and loss of seed production. At higher 
grazing intensities, loss of seed production may become more important, leading to 
potential decreases in abundance (Sheppard et al. submitted).
The application of nitrogen and phosphorus fertilisers has been shown to 
increase the biomass production of E. plantagineum individuals (Piggin 1978) and may 
play an important role in its increased success in Australia because of fertilisation of 
pastures during pasture improvement. Extensive application of fertilisers is much less 
common as an agricultural practice within the native range.
In summary, in its native environment E. plantagineum may be controlled by 
grazing pressure and pasture competition. Natural enemies appear to play a slight to 
negligible role. In Australia a lack of abundant, strongly competitive pasture species and 
natural enemies have been considered to be the major reasons for its dominance 
(Sheppard 1996). The higher nutrient status of improved (fertilised) pastures in 
Australia and different intensities of grazing may also play a role. The relative 
importance of each of these factors and the mechanisms by which they operate remain 
to be elucidated.
1.3 - Aims and project approach
The major aim of this project was to quantify the ecological processes 
responsible for the high population abundances of E. plantagineum in Australia. The
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approach used was to compare demographic parameters of populations of E. 
plantagineum between sites in its native range in Mediterranean Europe and its invasive 
range in Australia and thereby investigate how the determination of population size 
differs between them. A secondary aim of the project was to provide such information 
to assist in the development of better targeted control strategies for E. plantagineum in 
Australia.
The previously described studies of the ecology of E. plantagineum have 
generally dealt with assessing the performance of individual and population level 
parameters under various treatment regimes. There is difficulty extrapolating such 
measures to conclusions concerning population dynamics due to the growing awareness 
that seed losses, for example to phytophagous insects, or changes in other single 
demographic parameters do not necessarily have correspondingly large impacts on plant 
densities (Andersen 1989). The negative effects of, for example, a herbivore on one part 
of the life cycle of weed may be redressed by compensation in other parts of the life 
cycle. The only way to understand the population level consequences of changes in 
demographic parameters is to incorporate the changes in a theoretical model for the 
dynamics of the entire life cycle (Crawley and Rees 1996).
Consequently, this project aimed at estimating demographic parameters 
describing the entire population dynamics of E. plantagineum in the field at sites both in 
Mediterranean Europe and Australia. These data were used to answer the first key 
question of; what are the differences in demographic parameters between E. 
plantagineum populations in the native and invaded ranges? At each site, 
demographic parameters were estimated under regimes of the presence or absence of 
grazing, fertilisation and competition, treatments previously identified as being 
potentially important in altering the abundance of E. plantagineum populations. The 
impact of natural enemies was not assessed because of its lack of effect in previous 
studies.
Demographic data were then used to construct a density-dependent population 
model of E. plantagineum for both sites under each of the treatment regimes, to explore 
the potential differences in population abundance between the sites. Sensitivity analyses 
of the model were used to answer the second key question of; which of the differences 
in demographic parameters are most important in determining the differences in 
population abundances between the native and invaded ranges?
Further experiments were then used to answer the third key question of; what 
are the ecological processes creating the differences in demographic parameters 
between the native and invaded ranges? These experiments explored the mechanisms 
by which differences, particularly in competitive effects, between the native and invaded 
ranges give rise to differences in demographic parameters between the regions.
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1.3.1 - Outline of chapters
The following is an outline of the particular aspects of the research to be 
addressed in each subsequent chapter. Chapter 2 addresses the comparative demography 
of E. plantagineum populations between the native and invaded ranges and asks; are 
there differences in demographic parameters of E. plantagineum populations between 
the sites and treatments? Chapter 3 addresses the population models and sensitivity 
analyses used to extrapolate the consequences of these differences in demographic 
parameters to effects on population abundances and asks; do the differences in 
demographic parameters lead to differences in the growth rate and abundance of E. 
plantagineum populations between the sites and treatments?, how do these differences 
relate to those seen in the field?, and finally, which are the most important differences in 
demographic parameters in determining the differences in population size and growth 
rate between the sites? Chapter 4 details the experiments carried out to investigate the 
mechanisms by which the differences in demographic parameters arise between the 
sites, for the parameters describing seedling establishment rates and rates of seed 
incorporation into the seed bank. The questions dealt with in this chapter concern 
primarily the relative intensities of competitive effects between the sites. Chapter 5 
compares the community structure and evolutionary history of the plant communities in 
both the native and invaded ranges of E. plantagineum, while Chapter 6 explores the 
ramifications of differences in these community attributes in altering the intensity of 
competitive effects on E. plantagineum between the sites. Chapters 2 to 6 thus consider 
the effect of the different sites on the behaviour of E. plantagineum. Chapter 7 differs in 
that it explores the inherent performance of individuals of E. plantagineum from the 
native and exotic ranges when grown together in the same environment. Chapter 8 is a 
final summary containing the project's major conclusions, the implications of these 
conclusions for the management of E. plantagineum in Australia and makes suggestions 
for future work to increase our understanding of the success of E. plantagineum in 
Australia.
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Chapter 2 - The comparative demography of E. plantagineum between
its native and invaded ranges
2.1 - Introduction
The aim of this chapter is to estimate and compare demographic parameters 
describing the entire life cycle of E. plantagineum between populations at sites in its 
native range in Mediterranean Europe and in its invasive range in south-east Australia. 
Demographic parameters were estimated at each site under treatment combinations of 
three factors identified as potentially affecting E. plantagineum population dynamics; 
the presence or absence of grazing, fertilisation and pasture competition. The grazing 
and fertilisation treatments were imposed upon populations of E. plantagineum within 
large plots. The effect of pasture competition on E. plantagineum seed production and 
survival was assessed using neighbour removal treatments, carried out on individuals of 
E. plantagineum, within each of the previous treatment combinations. Comparisons of 
demographic parameters between the sites and treatments were used to answer the 
following questions:
1) What are the differences in demographic parameters between populations of E. 
plantagineum at sites in the native and invaded ranges? This question is the first key 
question of the project proposed in the introduction.
2) What effect do the grazing and fertilising treatments have on these demographic 
parameters, and are these effects of a similar direction and magnitude between the 
native and invaded ranges of E. plantagineum?
3) What is the relative impact of pasture competition at each of the sites on the survival 
and seed production of individuals of E. plantagineum?
Answers to these questions will indicate which parts of the life cycle of E. 
plantagineum populations have altered from those in the native range, and by how 
much, upon its introduction to Australia, and whether the factors of grazing, fertilisation 
and pasture competition limit demographic parameters of E. plantagineum more in the 
native range than the invaded range.
2.2 - Methods
2.2.1 - Main field experiment
Central to the quantification of demographic variables is the need to comprehend 
the life cycle of a plant. Echium plantagineum is an annual plant with a seed bank which 
persists for greater than one year. Thus, the life cycle stages of populations of E. 
plantagineum can be diagrammatically represented as in Fig 2.1. The boxes in Fig 2.1 
represent stages in the life cycle while the lines between the boxes represent 
demographic transition probabilities (demographic parameters) which describe the 
proportion of individuals moving from one life cycle stage to the next.
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Fig 2.1 - The life cycle stages of E. plantagineum populations. The demographic parameters are
further defined in the text.
19
For each year, the seedling establishment fraction (G) is the proportion of seeds 
in the seed bank producing established seedlings. The seedling survival rate (Sj) is the 
proportion of these established seedlings surviving until flowering. The fecundity (F) is 
the average number of seeds produced per flowering plant. The seed bank incorporation 
rate (Si) is the proportion of these seeds produced (the seed rain) which become added to 
the seed bank prior to the next year's germination, and finally, the seed bank survival 
rate (Sb) is the proportion of the seed bank which survives until the next year's 
germination period. The main field experiment was set up to measure field variables, 
namely the recruitment, survival, fecundity and the seed bank dynamics of populations 
of E. plantagineum in order to estimate each of these demographic parameters for each 
of the site by treatment combinations.
2.2.2 - Description of study sites
2.2.2.1 - Evora, the native range of E. plantagineum
The Mediterranean European site was located at the field station of the 
University of Evora, 12 km to the west of the town of Evora in the Alentejo region of 
Portugal (38°30' N, 7°50' W) (Fig 2.2). The main experiment was located in a field of 15 
hectares, typical of those found in the "montado" of southern Portugal and western 
Spain (there termed "dehesas"). These semi-natural vegetation types comprise an annual 
herbaceous layer underlying an open woodland dominated by evergreen oak trees 
(Quercus rotundifolia, Quercus suber). Grazing, cultivation and burning are used to 
limit shrub encroachment into these communities (Figueroa and Davy 1991) but the 
field site had neither been cultivated nor burnt for at least 10 years, with constant 
grazing having prevented the establishment of xerophytic shrubs. The herbaceous layer 
comprises mainly of winter annual grasses, legumes and composites that germinate after 
the first heavy autumn rains (October-November), flower and set seed during the spring, 
die at the beginning of summer and pass the unfavourable season (summer) as seeds in 
the soil (Fernandez-Ales et al. 1993).
The field was grazed by approximately 2 to 3 cattle per hectare on a daily cycle. 
Occasional light grazing by sheep also occurred. The field had not been fertilised for at 
least 10 years. Soil from the field site was slightly acidic with pH 5.7-5.9 with 66-86 
ppm extractable P2O5 and 1-14 ppm total NO3. Such nutrient-poor, acidic, sandy soil 
types are widely present throughout the Iberian Peninsula on Paleozoic and Tertiary 
granites (Figueroa and Davy 1991).
The field site experiences a mediterranean type climate with a cool and wet 
autumn and spring, followed by a hot, dry summer with little rain falling between June 
and October. Mean annual rainfall for the Evora region is 656 mm while long term 
winter and summer mean temperatures are 9°C and 23°C respectively. Long term
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oFig 2.2 - Location of the Canberra field site in south-eastern Australia and the Evora field site 
in southern Portugal. o<f
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averages of both mean monthly maximum temperatures and mean monthly rainfall for 
the weather recording station at Evora are shown in Fig 2.3.
The chosen field site is within the region in which E. plantagineum is a native 
(Tutin et al. 1972, Piggin 1977a). Echium plantagineum densities at the field site were 
within the range of those observed throughout its range on the Iberian Peninsula, and the 
pasture community at the site was typical of the region. These characteristics had led to 
sites nearby having been used as locations for studies into the effect of natural enemies 
on E. plantagineum performance as part of a biological control program undertaken by 
CSIRO Australia (Forrester 1992).
2.2.2.2 - Canberra, the invaded range of E. plantagineum
The Australian site was located on the property "Huntly" 16 km to the west of 
Canberra in the Australian Capital Territory, Australia (35°18' S, 149°08' E) (Fig 2.2). 
The main experiment was located in a 16.2 hectare paddock ("Oaks paddock") on gentle 
slopes above the Murrumbidgee River. Vegetation in the paddock was typical of 
improved pastures throughout the Southern Tablelands region and comprised mainly of 
introduced annual grasses and legumes with a few annual forbs and perennial grasses 
and forbs. These pasture types are common in the region and are the result of human 
alteration of the original native vegetation by clearing, cultivating, sowing, fertilisation 
and grazing (Doing 1972). Few native species remain in such improved pastures.
"Oaks paddock" was sown in 1968 with subterranean clover (Trifolium 
subterraneum), annual rye (Lolium rigidum) and perennial rye (Lolium perenne). It was 
subsequently fertilised with superphosphate and then re-fertilised in 1993 with 125 kg 
per hectare of superphosphate. Soils from the site were slightly acid with pH 5-6, with 
49 ppm extractable P2O5, 30 ppm total NO3 and 536 ppm extractable K2O. Such acid 
soils are widespread throughout the Southern Tablelands (Moore 1970).
A total of 29 animals (15 cows, 14 calves) grazed continually in the paddock 
during 1994-5, 43 animals (22 cows, 21 calves) were present over the first six months of 
1997 with 56 steers present over the last 6 months of 1997. Thus grazing pressure varied 
from 1.8 to 3.5 cattle per hectare over the period of the experiment.
Rainfall patterns on the Southern Tablelands are less seasonal than in Portugal, 
but with a similar mean annual rainfall at the Canberra airport meteorological station 
(the closest to the site) of 634 mm. Within year and between year rainfall variability is 
high. Mean long term winter and summer temperatures are 5.5°C and 20.4°C 
respectively. Long term averages of both mean monthly maximum temperatures and 
mean monthly rainfall for the weather recording station at Canberra airport are shown in 
Fig 2.4.
The invasion of E. plantagineum into "Oaks paddock" is a recent phenomenon 
having occurred five years before the study commenced (in about 1987) (John Gale, 
pers comm.). Consequently, the density of E. plantagineum in the paddock was low
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Fig 2.3 - Long term averages (1931-1993) of the mean monthly (a) maximum 
temperatures and (b) rainfall from the Evora weather station.
Fig 2.4 - Long term averages (1939-1994) of the mean monthly (a) maximum 
temperatures and (b) rainfall from the Canberra airport weather station.
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compared with that of many infestations in Australia. The choice of such a site was 
deliberate, in order to provide the opportunity for both increases and decreases in E. 
plantaginewn abundance in response to the treatments in the main experiment.
2.2.3 - Experimental design
The main field experiment was set up with identical design at each of the two 
field sites in pastures containing E. plantagineum. Treatments of the presence or 
absence of livestock grazing and the presence or absence of fertilisation were applied to 
plots 12.5 by 12.5 metres in size in a complete factorial design, in order to test for 
interactions between treatment combinations. This resulted in a total of four treatment 
combinations at each site (grazed and unfertilised, grazed and fertilised, ungrazed and 
unfertilised and ungrazed and fertilised). There were four replicate plots of each of these 
four combinations, one in each of four blocks. The position of each treatment 
combination plot in each block was determined through a constrained randomisation in 
which the two grazed and two ungrazed treatments were always side by side. This 
design was chosen because of limitations in the possibility of constructing small grazing 
exclosure fences containing only a single plot.
The ungrazed treatment was imposed by the construction of fences excluding 
cattle and sheep which remained in place for the entire duration of the experiment. The 
fences did not exclude smaller grazers such as rabbits, but grazing from such herbivores 
was uncommon at either site.
The fertiliser treatment aimed at supplementing levels of nitrogen, phosphorus 
and potassium. At Canberra "Greenleaf Multigrow" (Australian Fertilisers Limited, 
Sydney) with a N:P:K ratio of 10:3.4:5.6 was applied at a rate of 60 g n r2. At Evora 
"Fosfato Amonio" (Quimigal Adubos, Lisbon) with an N:P ratio of 18:46 was applied at 
a rate of 20 g n r2. Unfortunately a fertiliser containing a K fraction was not available in 
Portugal. Fertiliser was applied once each season prior to the autumn germination of E. 
plantagineum at each site. Soil in fertilised plots at Evora contained 98-110 ppm 
extractable P2O5 and 16-63 ppm total NO3. These results showed that fertilisation 
resulted in appreciable rises in both nutrients as compared to unfertilised plots (see 
section 2.2.2.1). Soil in fertilised plots at Canberra contained 94 ppm extractable P2O5, 
39 ppm total NO3 and 539 ppm extractable K2O. As compared to unfertilised plots (see 
section 2.2.2.2), fertilisation appreciably raised P2O5 and NO3 levels, but no effect was 
apparent for K2O levels.
The effect of diffuse competition from the pastures at both sites in reducing E. 
plantagineum survival (Sj) and fecundity (F) was estimated using a neighbour removal 
treatment carried out around individual plants within each of the treatment 
combinations. Diffuse competition refers to the overall effect of the species assemblage 
within a vegetation, and not of specific species or species types. Such a competition 
experiment is a type of removal experiment in which neighbour abundance is
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experimentally reduced relative to controls and some measure of performance is 
recorded for the target plants (Aarssen and Epp 1990, Goldberg and Barton 1992). 
Sixteen individuals of E. plantcigineum were randomly chosen at the seedling stage in 
each plot. Eight were chosen to experience pasture competition and the other 8 plants to 
be freed from pasture competition. Thus, for each grazing and fertilisation treatment 
combination there were 32 plants with, and 32 plants without pasture competition 
spread over the four blocks. The competition removal treatment was imposed by 
regularly weeding around chosen plants (out to a radius of 50 cm from the edge of the 
rosette) from their seedling stage until flowering. The perimeter of this weeded area was 
also trenched using a spade 2 to 3 times over the season to prevent roots from adjoining 
plants intruding within the weeded area. This treatment was considered sufficient to 
remove most neighbouring competition and to provide unrestricted space for E. 
plantagineum to develop. Plants experiencing normal pasture competition were tagged 
and mapped to facilitate their relocation, but were otherwise unmanipulated.
In an attempt to estimate the range of the possible variation in demographic 
parameters, measures of E. plantagineum populations were taken for two growing 
seasons at each of the sites. At Evora, fieldwork was carried out over October (autumn) 
until July (summer) over the years 1994-5 and 1995-96. At Canberra, fieldwork was 
carried out from January (summer) until December (summer) over the years 1995 and 
1997. The gap between years of measurements in Australia was due to fieldwork 
commitments in Europe. The grazing exclosures remained standing over the intervening 
year of 1996.
2.2.4 - Experimental measures
To sample the E. plantagineum population densities, eight 0.5 by 0.5 metre 
quadrats were randomly located within each of the plots, leaving a 1 metre buffer zone 
around the edge of the plot. This yielded for the four blocks a total of 32 quadrats per 
grazing and fertilisation treatment combination. The location of the quadrats was fixed 
with two marker posts at the upper right and left hand comers of the quadrat. Quadrat 
locations were re-randomised at the beginning of each growing season. The number of 
seedlings establishing each autumn (a seedling was considered established once it had 
produced 4 leaves), their survival through winter and the number of flowering plants 
remaining in spring were counted in each quadrat.
Seed production of the individual plants with or without pasture competition was 
estimated using an allometric relationship between the total length of cymes of a 
flowering plant and the number of viable seed formed per length of cyme. A strong 
relationship between the number of seeds and total cyme length was established by 
CSIRO (Forrester and Sheppard, submitted) during the course of the biological control 
program for E. plantagineum. This relationship has been shown to not differ 
significantly between individuals of E. plantagineum between numerous sites in
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Australia and Europe, under both grazed and ungrazed conditions and over a number of 
consecutive seasons (M. Smyth, pers comm.). The constancy of this relationship 
indicates that seed production is rarely limited by pollination. In this study this 
relationship simplified the field assessment of seed production by individuals of E. 
plantagineum as it was only necessary to estimate the cyme length of plants to estimate 
their seed production. The relationship used was:
y= 0.9719 x - 0.808, r2 = 0.85, p <0.001  ^ n -
where y  is the number of seeds produced and x is the length of mature cyme (cm).
In order to measure the cyme length of a plant once cyme elongation (flowering) 
was complete, the length of each cyme on a plant was measured and totalled for the 
entire plant. Cyme lengths were measured from the base of the cyme, where it joins the 
main stem, to its tip. On large plants the total number of cymes present was counted and 
the length of a representative sub-sample (both central and secondary stems) measured 
(50% of cymes for medium sized plants down to 20% of cymes for large plants). The 
total length of cyme for the plant was then estimated by multiplying the measured 
length by the proportion of cymes measured. Survival until flowering of both 
competition-manipulated and unmanipulated plants was also recorded.
In early autumn after seed rain but prior to new germination, hence pre­
germination, and in winter after germination was finished, hence post-germination, the 
density of seeds in the soil was measured by taking 8 randomly placed soil cores from 
each plot. This yielded for the four blocks a total of 32 cores per grazing and 
fertilisation treatment combination. Due to the clumped nature of many seed 
distributions, the aim was to take a large number of small soil cores (Bigwood and 
Inouye 1988, Thompson et al. 1994). Soil cores were 32 mm in diameter by 50 mm in 
depth at Canberra and 48 mm in diameter and 50 mm in depth at Evora. The number of 
viable seeds present in each core was determined by washing each core through sieves 
and recovering all of the whole seeds of E. plantagineum present with an intact 
endosperm. Staining with tetrazolium chloride had previously determined that seeds 
with an intact white endosperm were viable (see section 4.1.1.1).
2.2.5 - Estimation of demographic parameters
The variables measured in the field were used to estimate the previously 
described demographic parameters for populations in each site and treatment 
combination, for each season:
- The seedling establishment fraction (G) was estimated as the number of 
established seedlings counted during autumn germination in each quadrat divided by the 
size of the pre-germination seed bank in that plot.
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- The seedling survival rate (Sj) was estimated as the number of flowering plants 
during spring in each quadrat divided by the number of establishing seedlings counted 
in that quadrat during autumn.
- Plant fecundity (F) was estimated as the mean number of seeds produced per 
plant in each site by treatment combination.
- The seed bank survival rate (Sb) was estimated using seed burial experiments 
which are described in detail in chapter 4 (section 4.1.1). Reference will be made to 
relevant results from these experiment in this chapter in the context of comparing all of 
the demographic parameters of E. plantagineum populations between the sites.
- The seed bank incorporation rate (Si) was estimated as the number of seeds 
added to the seed bank as a proportion of the seed rain. As will be shown in section 
4.1.1.2, most of the decrease in the seed bank (due to seedling establishment (G) and 
seed bank decay (1 -Sb)) occurs during the germination period, with comparatively 
negligible losses of seed occurring in the soil from after germination until the next 
seasons germination period. Consequently, the difference between the size of the seed 
bank prior to germination and its size after germination the season before, gives a good 
estimate of the number of seeds added to the seed bank due to seed production. This 
amount can be compared to the total seed rain to determine the fraction of the seed rain 
being incorporated into the seed bank. The expression used to calculate the seed bank 
incorporation rate was:
Pre-germination seed bank season 2 (seeds m"^) - post-germination bank season 1 (seeds m'2)
Seed rain season 1 (seeds m-^)
where the seed rain was estimated as the average seed production multiplied by the 
flowering plant density. The seed bank incorporation rate was calculated at the plot level 
for each site by treatment combination.
2.2.6 - Data analysis
The main experiment comprised of four treatments with 2 levels each; site 
(Canberra and Evora), grazing (grazed or ungrazed), fertilisation (fertilised or 
unfertilised) and competition (with or without competition). The grazing, fertilisation 
and competition treatments were combined in a fully factorial design, but were nested 
within site. As there exists no ability to replicate at this level of unique regions, and it is 
a large, well separated natural treatment, site was included in the analyses as a fixed 
treatment effect.
Analyses were carried out for each of the demographic parameters (being the 
response variables) using factorial ANOVAs to assess the significance of the treatment 
and treatment interaction effects (the explanatory variables). These analyses were 
carried out using the statistical package GENSTAT 5.3 (Payne et al. 1993). A nominal
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block variable was included in the analysis of the main field experiment in order to 
factor out spatial variation across the pastures within each site. Data from each season 
were analysed separately with the first season at each site being termed season 1, and 
the second, season 2. The competition treatment applied only for the demographic 
parameters of fecundity (F) and survival (Sj) as it was carried out using individual 
plants.
Due to the presence of quadrats which had no seedling emergence and the death 
of some manipulated plants in the competition treatment, orthogonality of the 
experiment at the quadrat and individual plant level was lost. A second problem with 
these zero data was that they made it difficult to transform data to meet the assumptions 
of normality required for the ANOVAs. Consequently, quadrat and individual plant 
level data were averaged and analysed at the plot level to restore orthogonality to the 
experiment and to remove the zero values to facilitate the suitable transformation of 
data.
Data were transformed where required to achieve normality and homogeneity of 
variance. Seed production data (fecundity (F)) required loge transformation. Logit 
transformation was used for proportional data (seedling establishment fractions (G) and 
seedling survival rates (Sj)). The logit transformation bounds proportion values between 
0 and 1 and is preferred to other methods of dealing with proportional data such as 
arcsine transformation (Crawley 1993). For all analyses the suitability of 
transformations was checked by examining the residuals and ensuring that the residuals 
showed no regular pattern and that errors were normally distributed.
2.2.7 - Analysis presentation
For each of the demographic parameters a summary of the ANOVA table is 
presented indicating the degrees of freedom (df), variance ratio (vr) and F probability (F 
pr) for each of the treatments and treatment interactions. The site, grazing, fertilisation 
and competition treatments are abbreviated to SITE, GRAZ, FERT and COMP 
respectively, while interactions are represented using the symbol (eg. SITE.GRAZ). 
Results are reported as significant using the following symbols: * = p<0.05, ** = 
p<0.01, *** = p<0.001 and ns = not significant. Interaction diagrams showing changes 
in demographic parameters between the levels of only the significantly different 
treatments are presented for each analysis. These diagrams present the highest order of 
significant interaction first, followed by those treatments or interactions which were also 
significant, but were not included in the highest order interaction. For these interaction 
diagrams the means are the transformed and estimated least squares means adjusted for 
other factors in the model (blocks) with the least significant difference (LSD) for the 
whole model given at the 5% significance level. Presentation of transformed data 
prevents back transformation problems on the logit and loge scale where the LSD value 
differs for each bar and is asymmetrical around treatment means. To facilitate
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interpretation of the values of the demographic parameters on their original scale, a 
summary table is presented of back transformed means and 95% confidence intervals 
(95% Cl) for significantly different treatments for each analysis.
As the emphasis in this project is on comparing the population dynamics of E. 
plantagineum between the sites, the original population density data from which the 
demographic parameters were calculated, such as seedling, flowering plant and seed 
bank densities, were not statistically compared between sites or treatments. These data 
are presented as tables of means and standard errors of the mean.
2.3 - Results
The following analyses of each of the demographic parameters were interpreted 
from two principle perspectives. The first perspective was to examine the significance 
of the site treatment to determine how the demographic parameters varied between the 
sites; the second was to examine interactions between site and grazing, fertilisation and 
competition in order to determine whether the demographic parameters responded 
similarly to these treatments between the sites.
2.3.1 - Seedling establishment fraction (G)
Values of the seedling establishment fraction were logit transformed and 
analysed for the treatments of site, grazing and fertilisation. A summary ANOVA table 
is presented in Table 2.1, interaction diagrams for significantly different treatments in 
Figs 2.5 and 2.6 and associated back transformed means and 95% Cl in Tables 2.2 and 
2.3.
During both seasons the value of the seedling establishment fraction was 
significantly lower at Evora than at Canberra by a factor of some 2 to 5 times. By the 
second season at both field sites the value of the seedling establishment fraction was 
significantly lower in ungrazed plots than in grazed plots, with this decrease 
significantly greater at Canberra than at Evora as shown by the significant SITE.GRAZ 
interaction. There was no significant effect of fertilisation on the seedling establishment 
fraction at either field site during either season.
2.3.2 - Seedling survival rate (Sj)
Values of the seedling survival rate were logit transformed and analysed for the 
treatments of site, grazing and fertilisation. A summary ANOVA table is presented in 
Table 2.4, interaction diagrams for significantly different treatments in Figs 2.7 and 2.8 
and associated back transformed means and 95% Cl in Tables 2.5 and 2.6.
Survival of seedlings to flowering was significantly lower at Canberra than at 
Evora during both seasons and under both grazing regimes. In grazed plots, seedling 
survival rates at Canberra were about half those at Evora. At Canberra ungrazed 
populations showed significantly lower seedling survival rates than grazed populations
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df
Season 1 
vr F pr
Season 2 
vr F pr
BLOCK 3 1.14 0.91
SITE 1 95.79 *** 41.60 ***
GRAZ 1 1.00 ns 59.94 ***
FERT 1 0.3 1 ns 0.43 ns
SITE.GR AZ 1 0.38 ns 7.75 *
SITE. FERT 1 0.04 ns 2.03 ns
GRAZ. FERT 1 0.47 ns 0.01 ns
SITE.GRAZ.FERT 1 2.19 ns 3.43 ns
Residual 21
Total 31
* = p<0.05, ** = px().01, *** = p<0.001, ns = nol significant.
Table 2.1 - Summary of ANOVA tables for the seedling establishment fraction (G).
Season 1 Season 2
df vr F pr vr F pr
BLOCK 3 0.39 5.39
SITE 1 87.29 *** 82.88 * * *
GRAZ 1 11.11 * * 11.95 * *
FERT 1 0.11 ns 0.59 ns
SITE.GRAZ 1 12.59 * * 24.88 * * *
SITE. FERT 1 0.86 ns 4.66 *
GRAZ.FERT 1 0.40 ns 4.21 ns
SITE.GRAZ.FERT 1 0.76 ns 10.18 **
Residual 21
Total 31
* = p<0.05, ** = pxO.Ol, *** = fxO.OOl, ns = not significant.
Table 2.4- Summary of ANOVA tables for the seedling survival rate (5/)-
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Canberra Evora
Fig 2.5 - Logit transformed means and LSD (p=<0.05) of the seedling establishment fraction (G) 
at each site during season 1.
Canberra Evora
Mean 95% Cl Mean 95% Cl
0.092 0.069 - 0.127 0.019 0.0138 - 0.027
Table 2.2 - Back-transformed means and 95% Cl of the seedling establishment fraction 
(G) at each site during season 1.
Canberra
Evora
UngrazedGrazed
Fig 2.6 - Logit transformed means and LSD (p=<0.05) of the seedling establishment fraction (G) 
for the SITE.GRAZ interaction during season 2.
Mean
Canberra
95% Cl Mean
Evora
95% Cl
Grazed 0.158 0.106 - 0.282 0.027 0.015 - 0.035
Ungrazed 0.020 0.013 - 0.031 0.008 0.006 - 0.013
Table 2.3 - Back-transformed means and 95% Cl of the seedling establishment fraction 
(G) for the SITE.GRAZ interaction during season 2.
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Evora
O -O
Fig 2.7 - Logit transformed means and LSD (p=<0.05) of the seedling survival rate (Sj)
for the SITE.GRAZ interaction during season 1.
Mean
Canberra
95% Cl Mean
Evora
95% Cl
Grazed 0.31 0.22 - 0.42 0.63 0.52 - 0.73
Ungrazed 0.09 0.06 - 0.13 0.64 0.54 - 0.74
Table 2.5 - Back-transformed means and 95% Cl of the seedling survival rate (Sj) for the 
SITE.GRAZ interaction during season 1.
Canberra
Ungrazed
Unfertilised
Ungrazed
Fertilised
Grazed
Unfertilised
Grazed
Fertilised
Fig 2.8 - Logit transformed means and LSD (p=<0.05) of the seedling survival rate (Sj) 
for the SITE.GRAZ.FERT interaction during season 2.
Mean
Canberra
95% Cl Mean
Evora
95% Cl -
Grazed, Unfertilised 0.330 0.210-0.410 0.870 0.800 - 0.910
Grazed, Fertilised 0.300 0.230 - 0.440 0.670 0.560 - 0.760
Ungrazed, Unfertilised 0.010 0.009 - 0.019 0.500 0.390 - 0.610
Ungrazed, Fertilised 0.004 0.002 - 0.006 0.980 0.970 - 0.990
Table 2.6 - Back-transformed means and 95% Cl of the seedling survival rate (Sj) for the 
SITE.GRAZ. FTERT interaction during season 2
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during both seasons. This was not the case at Evora during the first season where there 
was no significant difference in the seedling survival rate between grazed and ungrazed 
plots. During the second season at Evora ungrazed populations showed a significantly 
higher seedling survival rate than grazed populations in conjunction with fertilisation. 
Unfertilised, ungrazed populations remained not significantly different to grazed 
populations. At Canberra ungrazed, fertilised populations showed a marginally 
significant decrease in seedling survival rate rather than an increase as seen at Evora 
(SITE.FERT interaction significant at p = 0.043).
2.3.3 - Fecundity (F)
Values of fecundity were loge transformed and analysed for the treatments of 
site, grazing, fertilisation and competition. A summary ANOVA table is presented in 
Table 2.7, interaction diagrams for significantly different treatments in Figs 2.9 and 2.10 
and associated back transformed means and 95% Cl in Tables 2.8 and 2.9.
Values of fecundity were in general similar between Canberra and Evora. During 
season 1 there was no significant difference in fecundity between sites in grazed plots, 
but fecundity was higher at Evora than Canberra in ungrazed plots. During the second 
season fecundity was significantly higher at Canberra than at Evora across all of the 
other treatments, but only by 20%. The lack of a major systematic difference in 
fecundity between the sites across the seasons indicates that E. plantagineum fecundity 
is similar between Canberra and Evora.
Grazing considerably reduced fecundity at both sites with this effect being more 
severe at Evora than at Canberra during season 1 (significant SITE.GRAZ interaction), 
but with no difference in the effect of grazing between the sites during the second 
season (nonsignificant SITE.GRAZ interaction). Reductions in fecundity due to grazing 
were generally in the order of 60 to 75%.
The presence of diffuse pasture competition considerably reduced the fecundity 
of individuals of E. plantagineum at both sites, by 30 to 45%. The magnitude of this 
reduction did not vary between sites during either the first or second season, thereby 
indicating that the competitive effect exerted by the pasture communities during the 
growing period on fecundity was similar between the sites (nonsignificant SITE.COMP 
interactions). The effect of competition on fecundity differed between the grazing 
treatments during the first season, with the effect in ungrazed plots being more severe 
than in the grazed plots at both sites (significant GRAZ.COMP interaction). However, 
there was no difference in the effect of competition between the grazing treatments 
during the second season at either site (nonsignificant GRAZ.COMP interaction).
There was no significant effect of fertilisation on fecundity during the first 
season. During the second season there was a significant interaction of fertilisation with 
grazing and competition with there only being an effect of fertilisation in the absence of 
grazing or competition. This interaction is only just significant (p = 0.047) and is of
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Season 1 Season 2
df vr F pr vr F pr
BLOCK 3 2.98 0 .90
SITE 1 8.34 ** 5.39 *
GRAZ 1 147.44 *  *  * 325 .95 ***
FERT 1 0.25 ns 2 .58 ns
COMP 1 32.27 *** 43 .70 ***
SITE.GRAZ 1 6.15 * 0 .00 ns
SITE. FERT 1 0.44 ns 0 .56 ns
GRAZ.FERT 1 0.80 ns 13.33 ***
SITE.COMP 1 0.68 ns 0.41 ns
GRAZ.COMP 1 4.67 * 0 .45 ns
FERT.COMP 1 0.16 ns 4 .50 *
SITE.GRAZ.FERT 1 0 .44 ns 0 .98 ns
SITE.GRAZ.COMP 1 0.07 ns 3.23 ns
SITE.FERT.COMP 1 0.01 ns 1.64 ns
GRAZ.FERT.COMP 1 0.05 ns 4.43 *
SITE.GRAZ.FERT.COMP 1 0.19 ns 1.37 ns
Residual 45
Total 63
* = pcO.05, ** = fxO.Ol, *** = fxO.OOl, ns - not significant.
Table 2.7 - Summary of ANOVA tables for fecundity (F).
df
Season 1 
vr F pr
Season 2 
vr F pr
BLOCK 3 2.17 2.37
SITE 1 11.54 *** 0.09 ns
GRAZ 1 6.31 * 1.74 ns
FERT 1 1.90 ns 0.03 ns
COMP 1 4.85 * 0.14 ns
SITE.GRAZ 1 5.40 * 23.98 ***
SITE. FERT 1 1.08 ns 0.49 ns
GRAZ.FERT 1 0.90 ns 0.06 ns
SITE.COMP 1 14.49 *** 0.09 ns
GRAZ.COMP 1 16.17 *** 41.01 ***
FERT.COMP 1 0.08 ns 0.14 ns
SITE.GRAZ.FERT 1 0.78 ns 2.42 ns
SITE.GRAZ.COMP 1 0.92 ns 2.19 ns
SITE.FERT.COMP 1 0.01 ns 0.51 ns
GRAZ.FERT.COMP 1 1.10 ns 0.62 ns
SITE.GRAZ.FERT.COMP 1 0.03 ns 0.55 ns
Residual 45
Total 63
* = pcO.05, ** = p<0.01, *** = p<0.001, ns = not significant.
Table 2.10 - Summary of ANOVA tables for the survival of plants with and without 
competition.
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Evora
(a)
6
o  5
Canberra
Grazed Un grazed
( b )
No competition
Competition
UngrazedGrazed
Fig 2.9 - Log^ransformcd means and LSD (p=<0.05) of fecundity (F) for the (a) SrTE.GRAZ 
and (b) GRAZ.COMP interactions during season 1.
(a)
Canberra Evora
Mean 95% Cl Mean 95% Cl
Grazed 95.1 72.4 - 124.9 101.5 77.2 - 133.3
Ungrazed 255.4 194.4 - 335.6 436.9 277.2 - 573.7
(b)
Competition No competition
Mean 95% Cl Mean 95% Cl
Grazed 81.8 62.2 - 107.5 114.8 87.3 - 150.8
Ungrazed 218.8 166.5 - 287.5 473.3 360.2 - 621.8
Table 2.8 - Back-transformed means and 95% Cl of fecundity (I7) for the (a) SITE.GRAZ 
and (b) GRAZ.COMP interactions during season 1.
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( a )
Canberra Evora
( b)
A
5 -
No competition
■  I LSD
Competition
4  4 ----------------1----------------,----------------,---------------- -----------------,----------------,--------------- ,---------------- ,
Grazed Grazed Ungrazed Ungrazed
Unfertilised Fertilised Unfertilised Fertilised
Fig 2.10 - 1 t r a n s f o r m e d  means and LSD (p-<0.05) of fecundity (F) at (a) each site
and for (b) the GRAZ. FERT.COMP interaction during season 2.
(a)
Canberra
Mean 95% Cl Mean
Evora
95% Cl
436.0 331.8 - 560.4 358.6 272.9-471.1
(b)
' Competition Mean 95% Cl
No competition 
Mean 95% Cl
Gra7.ed, Unfertilised 145.4 110.7 - 191.1 217.9 165.8 - 286.3
Grazed, Fertilised 126.3 96.1 - 165.8 189.5 144.25 - 248.8
Ungrazed, Unfertilised 437.4 332.9 - 574.7 540.3 411.2 - 709.9
Ungrazcd, Fertilised 470.5 358.1 - 618.2 1051.1 800.0 - 1380.5
Table 2.9 - Back-transformed means and 95% Cl of fecundity (F) at (a) each site and -  
for the (b) GRAZ.FIiRT.COMP interaction during season 2.
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very secondary importance compared to the major effects of grazing and competition on 
fecundity.
2.3.4 - Effect of the competition manipulations on E. plantagineum survival
The proportion of survival to flowering of individual plants with or without 
pasture competition in each plot was recorded. These survival data were logit 
transformed and an analysis was done to examine the effect of pasture competition on 
plant survival in each of the site by treatment combinations. A summary ANOVA table 
is presented in Table 2.10, interaction diagrams for significantly different treatments in 
Figs 2.11 and 2.12 and associated back transformed means and 95% Cl in Tables 2.11 
and 2.12.
The primary interest of this analysis was to see if E. plantagineum survival 
between the sites responded differently to pasture competition. During the first season 
pasture competition affected plant survival differently between the sites (significant 
SITE.COMP interaction), with pasture competition not significantly decreasing the 
survival of plants at Evora but considerably decreasing the survival of plants at 
Canberra. The survival rate of competition-free plants at Canberra was similar to 
survival rates at Evora, indicating that the lower survival rates at Canberra as compared 
to Evora identified in section 2.3.2 may be largely due to the stronger effects of 
competition imposed by the pasture at Canberra. During the second season there was no 
significant SITE.COMP interaction.
During both seasons there was a significant GRAZ.COMP interaction. Plants in 
the no competition treatment had greater survival than those experiencing competition 
in ungrazed plots, but had lower survival in the grazed plots. Field observations 
indicated that this effect was due to a greater intensity of grazing by cattle on plants 
freed of their neighbours, apparently due to their greater visibility, overwhelming any 
positive survival response due to the removal of pasture competition. This was an 
unforeseen effect of the neighbour removal treatments and consequently conclusions 
regarding the effect of pasture competition on E. plantagineum survival in grazed plots 
must be treated with caution.
2.3.5 - Seed bank survival rate (Sb)
The seed bank survival rate was estimated using seed burial experiments which 
are described in detail in chapter 4 (section 4.1.1). This parameter was estimated only at 
the site level and is common to all of the treatment combinations at each site. The rate 
of seed survival in the soil over one season was estimated to be between 60 to 70%, 
with no differences between Canberra and Evora.
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(a)
Evora
Canberra
Competition No competition
(b )
No competition
Competition
Grazed Ungrazed
Fig 2.11- Logit transformed means and LSD (p=<0.05) of survival of plants with and without competition 
for the (a) SITE.COMP and (b) GRAZ.COMP interactions during season 1.
(a)
Canberra Evora
Mean 95% Cl Mean 95% Cl
Competition 0.36 0.20 - 0.55 0.81 0.65 - 0.91
No competition 0.74 0.57 - 0.87 0.68 0.54 - 0.82
(b)
Competition No competition
Mean 95% Cl Mean 95% Cl
Grazed 0.65 0.45 - 0.81 0.52 0.39 - 0.64
Ungiazed 0.53 0.33 - 0.73 0.90 0.78 - 0.96
Table 2.11- Back-transformed means and 95% Cl of the proportional survival of plants 
with and without competition for the (a) SITE.COMP and (b) GRAZ.COMP interactions 
during season 1.
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No competition
cn
a
2 -
1 -
LSD
Competition
Grazed Ungrazed
Fig 2.12 - Logit transformed means and LSD (p=<0.05) of survival of plants with and without competition 
for the GRAZ.COMP interaction during season 2.
Competition No competi tion
Mean 95% Cl Mean 95% Cl
Grazed 0.86 0.76 - 0.93 0.57 0.39 - 0.73
Ungrazed___________0.66_______ 0.51 - 0.80________0.91________ 0.83 - 0.96
Table 2.12 - Back-transformed means and 95% Cl of the proportional survival of plants 
with and without competition for the GRAZ.COMP interaction during season 2.
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2.3.6 - Seed bank incorporation rate (Si)
Values for this parameter were highly variable between the treatments and the 
plots. Numerous values were greater than 1 indicating that more seeds arrived in the 
seed bank than accounted for by the local seed rain. This problem was probably due to a 
combination of inaccuracies in the estimation of the density of seed in the soil due to the 
highly heterogeneous distribution of seeds, and movement of seed in the pasture by 
dispersal agents such as seed-harvesting ants. It was assumed that the seed bank 
incorporation rate was unlikely to be a parameter that would vary amongst the 
treatments, and values for all of the treatments and seasons at each site were averaged in 
order to obtain a bigger sample size and thus a better estimate of this parameter. 
Resultant values of the seed bank incorporation rate were significantly greater at 
Canberra than at Evora (Table 2.13, t test, p = < 0.001), with the rate being some 3 times 
greater at Canberra than at Evora.
Mean
Canberra
95% Cl Mean
Evora
95% Cl
0.62 0.53-0.71 0.19 0.04 - 0.35
Table 2.13 - Mean values and 95% Cl of the seed bank incorporation rate (Si) at 
Canberra and Evora.
2.3.7 - Field density data
2.3.7.1 - Establishing seedlings (Table 2.14)
The densities of establishing seedlings were 66 to 75% lower at Evora than at 
Canberra during both seasons. During the second season at Canberra the density of 
establishing seedlings was considerably lower in ungrazed plots than in grazed plots. At 
Evora there were lower densities of establishing seedlings during the second season than 
during the first in all treatments, but there were no systematic differences in densities 
between the grazing or fertilisation treatments.
One major difference between the sites was that E. plantagineum establishment 
occurred at Evora in only one cohort during both seasons, while at Canberra there were 
3 distinct cohorts during season 1, and 6 distinct cohorts during season 2.
2.3.7.2 - Flowering plants (Table 2.15)
In grazed plots the density of flowering plants was 50 to 80% lower at Evora 
than at Canberra during both seasons. In ungrazed plots flowering plant densities at 
Canberra were at levels similar to those in Evora. At Canberra flowering plant densities 
were lower in ungrazed plots relative to grazed plots, with this difference increasing in
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Canbcnra Evora
T reatment Season 1 Season 2 Season 1 Season 2
Grazed + Fertilised 59.9±8.2 68.3± 13.4 19.5±3.6 8.4±2.5
Grazed + Unfertilised 74.7±11.1 58.9±14.5 13.9±3.0 3.4±1.4
Ungrazcd + Fertilised 72.9±6.0 21 0±4.9 12.1±2.8 0.6±0.4
Ungrazcd + Unfertilised 72.6±7.4 18.0±3.7 20.1 ±4.7 8.0±2.0
Tabic 2.14 - Mean and standard error of the number o f established seedlings n r-  in each 
o f the site and treatment combinations.
Canberra Evora
T reatment Season 1 Season 2 Season 1 Season 2
Grazed + Fertilised 24.9±7.2 21.7±4.7 12.6±2.1 6.2±2.2
Grazed + Unfertilised 20.4±3.4 19.3±4.8 8.0±1.9 2 .3±1.1
Ungrazed + Fertilised 5.0±1.6 2 .1±1.1 6.8±1.4 0.6±0.4
Ungrazed + Unfertilised 7.8±1.7 1.75±0.7 10.9±2.1 6.4±1.8
Table 2.15 - Mean and standard error o f the number o f flowering plants n r2 in each o f 
the site and treatment combinations.
Canberra Evora
T reatment Season 1 Season 2 Season 1 Season 2
Grazed + Fertilised 564±73 544±201 1025±110 595±170
Grazed + Unfertilised 564±73 389±212 1025±110 637±270
Ungrazed + Fertilised 850±84 1594±371 1025±110 935±221
Ungrazed + Unfertilised 850±84 972±253 1025±110 1041±308
Table 2.16 - Mean and standard error of the early autumn (pre-germination) seed bank 
density (seeds n r2) in each o f the site and treatment combinations.
Canberra Evora
Treatment Season 1 Season 2 Season 1 Season 2
Grazed + Fertilised 
Seeds lost during 
germination
23 ±23 
96%
194±138
64%
541±107
47%
319±118 
46%
Grazed + Unfertilised 
Seeds lost during 
germination
23 ±23 
96%
311±125 
20%
605±142
41%
440±163 
31%
Ungrazcd + Fertilised 
Seeds lost during 
germination
418±326
51%
933±291 
41 %
701±137 
32%
552±234
41%
Ungrazcd + Unfertilised 
Seeds lost during 
germination
581±288 
32%
855±276
12%
765±213
25%
1062±359
+2%
Table 2.17 - Mean and standard error of the w inter (post-germination) seed bank density 
(seeds n r2) in each o f the site and treatment combinations. The percentage loss o f seeds 
from the seed bank over the penod between the pre-germination and post-germination 
samples is also calculated for each site and treatment combination
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the second season. At Evora there was no systematic difference in flowering plant 
density between grazed and ungrazed plots during either season.
2.3.7.3 - Early autumn (pre-germination) and winter (post-germination) seed bank 
densities (Tables 2.16 and 2.17)
Seed bank density estimates were very variable and thus gave rise to large 
standard errors. Measurements during the second season, by which time the treatments 
would have had a chance to influence seed input, showed there was little difference 
between the sites in pre-germination seed bank densities. Grazed plots at both sites had 
pre-germination seed bank densities of 400 to 600 seeds n r2 and ungrazed plots had 
densities between 900 to 1500 seeds n r2. The percentage of seed bank seeds lost during 
germination varied widely from 12 to 96%, but some of this variability probably 
stemmed from sampling effects related to the spatial heterogeneity of the seed bank. 
Average rates of seed loss from the seed bank during germination across all treatments 
were 51% at Canberra and 38% at Evora.
2.4 - Discussion
2.4.1 - What are the differences in demographic parameters between populations of E. 
plantagineum at sites in the native and invaded ranges?
A fundamental understanding of the responses of populations to different 
environments is likely to be gained only from an analysis of the demographic processes 
of populations in each environment. The demographic analyses in this chapter broke 
down the life cycle of E. plantagineum into specific demographic parameters and 
estimated these both in the native and invaded ranges, thereby allowing for a 
comparison of demographic processes between the sites. As such, this chapter raises as 
many questions as it answers. Which of the identified differences in demographic 
parameters are most important in creating differences in population abundance and 
growth rate between the sites?, and what are the ecological processes creating the 
differences in parameters between the sites?, are both considered in later chapters. 
Considering firstly the comparison of demographic parameters between sites, the life 
histories of the E. plantagineum populations at Canberra and Evora were found to differ 
and can be summarised as follows.
2.4.1.1 - Seedling establishment fraction (G)
The biggest difference between the sites was the up to 5 times greater seedling 
establishment fraction at Canberra than at Evora. This result indicates that the 
establishment of E. plantagineum seedlings from the seed bank in Mediterranean 
Europe is considerably more limited by factors that are either not present, or weaker in 
effect in Australia. The availability of seeds and safe sites for establishment are the two
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factors which may limit recruitment in plant populations (Eriksson and Ehrlen 1992). A 
comparison of the supply of seeds and the survival of seedlings between Canberra and 
Evora can be used as a measure of the abundance of safe sites. Thus, for E. 
plantagineum, the proportion of the seed bank lost during the germination period was 
broadly similar between Canberra and Evora (Table 2.17), but the much lower seedling 
establishment fractions at Evora show that a smaller proportion of these germinating 
seeds survived to produce established seedlings. This suggests that the frequency of safe 
sites for establishment (Harper 1977) is lower at Evora than at Canberra. What is a safe 
site for the seedling establishment of E. plantagineum?, and what differs between the 
sites that results in fewer of these safe sites at Evora?, is investigated in detail in Chapter 
4.
At Evora E. plantagineum individuals germinated almost simultaneously, with 
all seedlings belonging to the same cohort and forming a discrete generation. This 
contrasts with the situation at Canberra where up to 6 discrete cohorts of E. 
plantagineum emerged in the same year. Multiple germination cohorts are common in 
Australia with germination often spread over up to 5 months with many germination 
cohorts in response to irregular summer and autumn rains (Burdon et al. 1983, Piggin 
and Sheppard 1995). The possibility that the germination response of E. plantagineum 
has altered under the selection pressure of more variable rainfall in Australia is 
investigated in further detail in section 4.1.2.
2.4.1.2 - Seedling survival rate (Sj)
The lower seedling survival rates measured at Canberra as opposed to Evora 
indicate that not all stages of E. plantagineum's life cycle have been favoured in the 
Australian environment. Similarly high mortality amongst juveniles in Australia of 
between 41 to 97% (Burdon et al. 1983) and 20 to 65% (Smyth et al. 1997) has been 
recorded previously. In the Australian environment, dry periods subsequent to 
germination inducing rains, particularly during summer, and the presence of livestock 
grazing during summer and autumn can result in significant juvenile mortality and re­
create new open space in the pasture (Burdon et al. 1983). At Evora the greater 
reliability of follow-up rains during autumn and the absence of grazing until after 
pasture establishment allows those seedlings which have established a higher 
probability of surviving to flowering than seedlings at Canberra.
2.4.1.3 - Fecundity (F)
Echium plantagineum fecundity was in general very similar between the sites. 
This result is in contrast to the observation that in alien environments, plants tend to be 
more vigorous and taller, producing more seeds than in the native distribution (Blossey 
and Notzold 1995). This latter phenomenon has been attributed to releases from natural 
enemies and the subsequent increases in plant performance, and possibly the
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redeployment of resources used for herbivore defence to growth in more favourable 
environments (Blossey and Notzold 1995). The results of the main experiment in this 
project provide no evidence for any release from natural enemies in Australia resulting 
in increases in fecundity.
The lack of differences in the fecundity of E. plantagineum between the sites 
also suggests that the frequently greater length of the growing season in Australia, due 
to more frequent summer rainfall prolonging flowering (A. Sheppard, pers comm.), did 
not act to increase the fecundity of E. plantagineum at Canberra as compared to that at 
Evora.
2.4.1.4 - Seed bank survival rate (Sb)
The experiments investigating the seed bank dynamics of E. plantagineum are 
described in detail in chapter 4 (section 4.1.1), but their relevance to the overall 
demography of E. plantagineum populations at the two sites is discussed here. No 
differences were found in the rate of E. plantagineum seed survival in the soil between 
the sites. The measured annual rate of survival of 60 to 70%, using the technique of 
burying seeds in mesh bags to facilitate their recovery, is high compared to other 
published estimates for weed species. Survival rates of 30 to 40% have been reported 
for Avena species (Medd 1990) and of up to 60% for Onopordum acanthium (Cavers et 
al. 1995). The average annual rate of seed decline for weed species has been estimated 
to be approximately 50% (Snaydon 1980). Measured rates of E. plantagineum seed loss 
from the seed bank during germination from the main experiment (Table 2.17) were 
highly variable, but averaged 38% at Evora and 51% at Canberra. These values, being 
somewhat greater than those measured for Sb, suggest that the estimates from the seed 
burial experiment may have over-estimated rates of seed survival in the soil, possibly 
through a mechanism such as the exclusion of seed predators by the mesh bags. 
However, another experiment in which known quantities of unbagged seed were added 
to small plots, dug up after germination and sieved to recover ungerminated seeds, gave 
results similar to the experiments that buried seeds in the mesh bags (see section 4.1.3.2 
- seed addition experiment). The two experiments in which known quantities of seeds 
were recovered from either mesh bags or small areas of ground were considered to be 
more accurate than the seed loss values derived from the seed bank samples taken over 
entire plots, as in the main experiment. Consequently, the values of seed loss from the 
seed burial experiment are those to be compared between the sites. The presence of a 
strongly persistent seed bank suggests that the successful control of E. plantagineum in 
Australia will require long term control measures as significant quantities of seed will 
remain in the soil for considerable periods of time.
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2.4.1.5 - Seed bank incorporation rate (Si)
Although highly variable, the seed bank incorporation rate was three times 
greater at Canberra than at Evora. Field observations indicate that the harvesting of E. 
plantagineum seeds by ants of the genus Messor at Evora may be an important factor in 
the greater loss of seeds there. High densities of seed-harvesting ants create large seed 
dumps around their nests, often several centimetres in depth, containing considerable 
quantities of E. plantagineum seed. Large quantities of fragmented seeds in these dumps 
indicate that not only are E. plantagineum seeds gathered and concentrated near ant 
nests, but that some predation is also likely to occur. Both processes of the clumping of 
seeds and seed predation may be significant factors in limiting the incorporation of 
seeds from the seed rain into the seed bank at Evora. Seed harvesting of this magnitude 
was not observed at Canberra. The magnitude of seed predation between the sites is 
further investigated in section 4.2.
2.4.1.6 - Summary and implications of differences in demographic parameters between 
sites
The major differences in demographic parameters between the sites are 
summarised in Fig 2.13. The similarity of values of fecundity and seed bank survival 
rates between the sites provides no evidence that the greater success of E. plantagineum 
populations in Australia is due to higher rates of seed production or seed survival there. 
Survival until flowering was lower at Canberra than at Evora. This greater mortality of 
juveniles in Australia is apparently due to the greater frequency of dry periods after 
germination inducing rains and does not help to explain the greater success of E. 
plantagineum populations in Australia as compared to Mediterranean Europe. The two 
demographic parameters which showed most difference between Canberra and Evora, 
and may play a role in greater population abundances in Australia, were the seed bank 
incorporation rate and the seedling establishment fraction. Some three times as many 
seeds pass from the seed rain into the seed bank at Canberra than do at Evora. The 
intense activity of seed-harvesting ants at Evora may play some role in this difference. 
The greatest difference in demographic parameters between the sites was the up to 5 
times greater seedling establishment fraction measured at Canberra as compared to 
Evora. The similarity of losses of seed from the seed bank due to germination between 
the sites, but the lower proportion of these seedlings becoming established at Evora, 
suggests that it is the number of safe sites for establishment which is lower in 
Mediterranean Europe than in Australia.
Mechanisms that determine the fate of plants often act during the period of the 
life cycle encompassing seed dispersal, germination and establishment (Harper 1977, 
Grubb 1977). Noble (1989) also identified these phases of reproductive losses between 
flowering and the seed pool and the rate of seedling establishment as those which may 
be expected to change for a species entering a new environment. The results for E.
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Fig 2.13 - Summary of the relative differences in each demographic parameter in the context 
of the entire life cycle. The mean value of each demographic transition parameter over the two 
seasons and for all treatments is represented by the width of the bars joining each stage of the 
life cycle, with the relative width of the bar for each parameter between the two sites 
representing the difference in the magnitude of that parameter between the sites.
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plantagineum correspond well with these conclusions and provide further evidence of 
the often critical importance of the recruitment process in the determination of 
population size and in determining the success of a plant invasion.
2.4.2 - What effect do the grazing, fertilisation and pasture competition treatments have 
on the demographic parameters?
By estimating the demographic parameters of E. plantagineum populations at 
both sites under regimes of the presence or absence of grazing, fertilisation and pasture 
competition, the relative limitation on demographic parameters imposed by these 
treatments can be compared between the native and invaded ranges. In particular, such 
an experiment makes it possible to determine whether demographic parameters are more 
limited by grazing, lack of nutrients or strong pasture competition in the native range 
than in the invaded range. They can hence suggest whether the alleviation of any of 
these factors plays a role in the greater success of E. plantagineum in the invaded range. 
The major differences in demographic parameters between the treatments at each site 
are summarised in Fig 2.14.
2.4.2.1 - Grazing
Grazing considerably increased the seedling establishment fraction of E. 
plantagineum both at Canberra and at Evora. Grazing can affect recruitment through the 
direct effects of reducing seed production, but can also alter the availability of safe sites 
for establishment through indirect effects on a variety of soil and vegetation factors 
(Watt and Gibson 1988). Increases in seedling establishment with grazing and other 
disturbances have been frequently reported (Goldberg and Werner 1983, Rapp and 
Rabinowitz 1985, Osterheld and Sala 1990, Milton 1995) and have been attributed to 
decreases in adult:seedling competition (Fenner 1978) and the removal by disturbance 
of inhibitory litter layers (Gross 1980). In the absence of grazers, Mediterranean 
grassland communities are commonly dominated by a few species of tall, competitive, 
large seeded annual grasses whose litter often inhibits the regeneration of subordinate 
species (Noy-Meir and Briske 1996). Lower E. plantagineum seedling establishment in 
ungrazed plots at both sites was probably due to the inhibitory effects of such thick litter 
layers which developed in the absence of grazing (see section 5.3.3). Under the presence 
of grazing, the seedling establishment fraction was considerably greater at Canberra 
than at Evora. This suggests that pastures responded differently to grazing between the 
sites, with grazed pastures at Canberra providing more safe sites for establishment than 
grazed pastures at Evora.
Grazing at Evora did not systematically change the survival of E. plantagineum 
seedlings from establishment to flowering relative to ungrazed plots. At Canberra, the 
survival of plants in grazed plots was always higher than that of plants in ungrazed 
plots. It is likely that the lower E. plantagineum seedling survival in ungrazed plots at
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Fig 2.14 - The effect of grazing and pasture competition on E. plantagineum life cycle 
components at both sites. For each life cycle, the mean value of each demographic transition 
parameter over the two seasons is represented by the width of the bars joining each stage of 
the life cycle. The relative width of the bar for each parameter between the site by grazing 
combinations represents the difference in the magnitude of that parameter between them. The 
magnitude of the effect of pasture competition on seedling survival (Sj) and fecundity (F) is 
represented by a two shaded bar. The width of the lightly shaded part of the bar represents 
the magnitude of the survival and fecundity of plants experiencing pasture competition, while 
the width of both the shaded and black parts of the bar represents the survival and fecundity 
of plants freed from pasture competition. Thus, the width of the black part of the bar can be 
interpreted as the reduction in survival and fecundity attributable to the effects of pasture 
competition.
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Canberra was largely due to competition with the dense annual grass swards, dominated 
by Avena fatua, which developed in the ungrazed plots (see section 5.3.2). Irrespective 
of the grazing treatment, however, the survival of E. plantagineum seedlings was always 
lower at Canberra than at Evora. Consequently, grazing was not a factor limiting 
seedling survival at Evora more than at Canberra.
Grazing decreased fecundity at both sites. During the first season this effect was 
slightly more severe at Evora, but did not differ between the sites in the second season. 
This lack of a consistent major difference between the sites in the amount of seed 
production lost to grazing suggests that it is unlikely that grazing is having a more 
limiting effect on seed production at Evora than at Canberra. However, grazing 
intensities can vary greatly from season to season and from site to site with reported 
values for seed losses due to grazing for E. plantagineum in Australia ranging from 45 
to 98% (Piggin and Sheppard 1995, Smyth et al. 1997). Consequently, results from this 
experiment of a two site comparison over two seasons must be treated with caution.
In summary, it is possible to state that grazing did not limit the seed production 
or seedling survival of E. plantagineum populations at Evora more than at Canberra. On 
the other hand, in grazed plots the seedling establishment fraction at Canberra was 
considerably greater than that at Evora indicating that grazed pastures differed between 
the two sites in the availability of safe sites for E. plantagineum establishment.
2.4.2.2 - Fertilisation
Fertilisation was not a very significant factor in altering any of the demographic
parameters consistently between the sites. Fertilisation was only significant in two third
order interactions with grazing and competition and there were no consistent increases
at Evora in any of the demographic parameters with fertiliser addition. These results
suggest that the E. plantagineum populations at Evora and Canberra are currently not
aV .
limited by nutrient availability. Firbank*(1993) also found that the addition of fertiliser 
had little effect on the population behaviour of three annual weeds in an arable, annual 
weed community in England. Similarly, fertilisation proved to have little effect on 
species composition, and thus presumably species population behaviour, in 
Mediterranean old fields where water was the main limiting factor (Thebaud et al. 1996, 
Lavorel et al. 1999). Due to its minor effect on population demographic parameters at 
either site, the fertilisation treatment was not considered in the modelling of E. 
plantagineum population dynamics in Chapter 3.
2.4.2.3 - Competition
Diffuse pasture competition reduced the fecundity of individuals of E. 
plantagineum in either grazing treatment equally at both Evora and at Canberra by 30 to 
45%. Numerous other field experiments in herbaceous plant communities have 
demonstrated significant reductions in plant performance or survival in the presence of
49
neighbours (Gross 1980, Fowler 1981, Silander and Antonovics 1982, Goldberg 1987). 
Pasture competition reduced the survival of E. plantcigineum individuals at Canberra 
more than at Evora. This effect was more pronounced in the ungrazed plots than in the 
grazed plots. These results suggest that the previously identified higher mortality of 
juveniles (Sj) at Canberra than at Evora is partly due to greater competitive effects 
imposed upon individuals of E. plantagineum by the Australian pasture community, 
particularly the dense swards of Avena fatua in the ungrazed plots (see section 5.3.2). 
Competition is likely to be more important under the frequent periods of moisture stress 
occurring in Australian pastures.
The unforeseen higher intensities of grazing damage experienced by 
competition-free plants in the grazed plots made quantification of the effects of 
competition in the grazed plots inaccurate. While neighbour removal treatments are the 
most direct way to investigate the effects of competition on a target plant, they often 
alter other aspects of the environment as well as competition for resources, such as 
micro-climate, soil moisture and, as in this instance, herbivore behaviour and their 
results should be interpreted with caution (Aarssen and Epp 1990).
In summary, pasture competition at Evora did not limit either the fecundity or 
the survival of individuals of E. plantagineum more so at Evora than at Canberra. The 
hypothesis that pastures in Mediterranean Europe may impose greater competitive 
effects than pastures in Australia (Smyth et al. 1992) and hence reduce E. plantagineum 
performance in Europe, is not supported for the demographic parameters of fecundity 
and survival.
2.5 - Conclusions
Seedling establishment fractions (G), which were 2 to 5 times greater at 
Canberra than at Evora, and seed bank incorporation rates (Si), which were 3 times 
greater at Canberra than Evora, were the differences in demographic parameters which 
were most likely to play an important role in the greater abundance of E. plantagineum 
in Australia as compared to Mediterranean Europe. Neither seed bank survival rates (Sb) 
nor fecundity (F) differed between E. plantagineum populations at Canberra and Evora, 
while seedling survival rates (Sj) were always lower at Canberra than at Evora.
In the following chapter, the estimates of demographic parameters for both sites 
and grazing treatments are used to parameterise a population model for E. plantagineum 
to explore the effects of the differences in demographic parameters between sites and 
grazing treatments on potential E. plantagineum population abundances and growth 
rates.
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Chapter 3 - Modelling the population dynamics of E. plantagineum in
its native and invaded ranges
3.1 - Introduction
The aim of this chapter is to develop a population model to investigate 
differences in the potential growth rates and abundances of grazed and ungrazed E. 
plantagineum populations between its native and invaded ranges. The questions asked 
within this chapter are:
1) Do the differences in demographic parameters identified in chapter 2 lead to 
differences in the growth rates and abundances of E. plantagineum populations between 
the sites and the grazing treatments?
2) How do these modelled differences in growth rates and abundances relate to those 
differences seen in the field?
3) Which are the most important differences in demographic parameters in determining 
the differences in population size and growth rate between sites? In particular, which 
demographic differences are important in limiting populations of E. plantagineum in the 
native range more than in the invaded range? This question is the second key question 
of the project proposed in the introduction.
The population size of E. plantagineum was modelled as an interaction between 
the negatively density-dependent control of fecundity through intraspecific competition 
and sources of density-independent mortality varying stochastically between seasons. 
Parameter estimates from the main field experiment were used to parameterise the 
model for each of the site and grazing treatment combinations. Field data relating the 
seed production by individuals of E. plantagineum to flowering plant density were used 
to derive parameters for the density-dependence response. Sensitivity analyses of the 
model to differences in the parameter sets allowed the identification of which 
differences in demographic parameters were most important in determining the 
differences in E. plantagineum population growth rate and abundance between the sites. 
A further sensitivity analysis of the degree of influence exerted by each of the 
demographic parameters on population growth rate was used to explore which 
demographic parameters should be targeted by control methods to provide the most 
efficient methods of control of E. plantagineum in Australia.
3.2 - Methods
3.2.1 - Model structure
As E. plantagineum is an annual plant surviving between seasons only as seeds, 
it is primarily the size of the seed bank between seasons which was modelled. Above­
ground plants were considered transitory in the process of the production of new seeds.
51
However, as above-ground plants are usually the aspect of interest in weed control, the 
density of the seed bank and flowering plant density were calculated concurrently.
The model was developed from the population model of Watkinson (1980) and 
was made up of two equations. The first equation is derived from the following model 
of geometric population growth:
Nt+ i= X N t
where Nt+], the size of a population at time t+1, is a function of Afy, the size of the 
population at time t, and X, the finite rate of population increase. The value of X is 
contributed to by values of the reproductive and survival stages of the life cycle as 
estimated in chapter 2. For E. plantagineum (or any annual plant with a seed bank):
X = Sb (1-G) + G Sj F Si equation 1
Seed production was estimated each season as the product of the fraction of 
seedlings establishing (G), the fraction of these seedlings surviving to flower (Sj), the 
number of seeds produced per plant (F) and the fraction of these produced seeds 
entering the seed bank (Si). This seed production is supplemented by a carry-over 
population of seeds remaining in the soil from the previous year’s seed output. This was 
estimated by taking the fraction of seeds that did not establish seedlings in the previous 
season (1-G) and subjecting this to the parameter Sb, the survival rate of seeds in the 
soil from one germination period to the next. Seed loss rates estimated from the seed 
burial experiment (section 4.1.1) included that proportion of seeds lost from the seed 
bank through germination and successful seedling establishment (G). However, as this 
proportion could not be determined, and thus subtracted from the overall rate of seed 
loss in this experiment, Sb estimates were used with the acknowledgement that they 
would probably slightly overestimate actual seed bank decay rates.
3.2.2 - Density-dependence
The unbounded growth of the geometric model in equation 1 was regulated by a 
second equation introducing density-dependent fecundity, where the parameter F, in the 
geometric model, was altered by the effects of the density of the population. Fecundity 
was the only one of the measured parameters for which there was evidence of a density- 
dependent response. There was no evidence of density-dependent mortality (Sj) or 
establishment (G) in the studied populations of E. plantagineum, and thus no density- 
dependent controls of these parameters were included in the model.
The relationship between the number of seeds produced by a plant, F, and the 
density of flowering plants, N, can be described by an equation of the form:
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F =fmax (1 + a N)~b equation 2
where fmax is the number of seeds produced by an isolated plant, a is the area required 
by a plant to produce fmax seeds and b describes the effectiveness with which resources 
are taken up from that area (Watkinson 1980, 1985, Watkinson et al. 1989). 
Biologically, b may be interpreted as the rate at which the effects of intraspecific 
competition change with density (Vandermeer 1984).
The response of the fecundity of individuals of E. plantagineum to density was 
quantified by relating the fecundity of plants to the range of natural densities 
encountered in the field. During season 1, the total seed production in each of the 
quadrats in the main field experiment was estimated by determining the cyme length of 
a sub-sample of between 20 to 50% of the total number of cymes, on all plants, in each 
quadrat. The relationship between the cyme length and seed production, presented in 
chapter 2 (section 2.2.4), was used to estimate the total seed production in each quadrat, 
and the flowering plant density in each quadrat was then used to calculate the average 
seed production per plant. Regression techniques were used to fit equation 2 to these 
field data, relating seed production to flowering plant density, to determine values for 
the density-dependent parameters a and b (Fig 3.1). The fitted model was a multiple 
regression model, such that the value offmax was particular to each combination of site 
and grazing. The populations assessed for the response of fecundity to density fitted (r2 
= 0.74, P = <0.001) to equation 2 such that:
F = fmax (1 +0.1 N f 102
Using the range of natural densities in the field possibly confounds site and 
density effects, a problem which could have been overcome by manipulating densities 
in the field (Fowler 1990). However, the similarity of the density-dependence response 
between E. plantagineum populations at Canberra and Evora, and the fact that these 
parameter estimates were similar to those measured from other similar annual flowering 
plants, in that values of b were close to 1 (Kira et al. 1953, Lonsdale 1996), generates 
considerable confidence in the precision of the estimates.
The finite rate of population increase (X.) may be used as a measure of relative 
population fitness (Silvertown et al. 1993). Consequently, values of X in the absence of 
density-dependent regulation were also calculated for each of the site by grazing 
combination parameter sets. However, it should be noted that estimates of X from the 
field may in fact not be true estimates of the maximum value of X as demographic 
parameters, such as fecundity, measured in the field may be constrained by the action of 
density-dependence (Shea et al. 1994, Lonsdale 1996).
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Fig 3.1 - Relationship between fecundity and plant density for grazed and ungrazed E. 
plantagineum populations at (a) Evora and (b) Canberra plotted on logarithmic axes. The 
fitted lines represent the equation F -  fincuc (1 + aN)~b with only fincuc varied.
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3.2.3 - Model parameterisation and stochasticity
The demographic parameters estimated over the two seasons in the main field 
experiment provide information only on the state of the populations at that time. To 
simulate environmental variability and incorporate the resulting seasonal stochasticity 
in parameter values, the degree of spatial variation observed over the quadrats or plots 
for each parameter over the two seasons was used as an estimate of the usual range of 
temporal variation. For simplicity, the standard deviation of each parameter in each site 
by treatment combination for the combined two seasons was used to provide a measure 
of this potential variation. For the parameter fmax, the ranges used were the standard 
deviations of the maximal seed production of individual plants over the four plots in 
each treatment. These parameter ranges are presented in Table 3.1. For each parameter a 
random value was taken each season from a rectangular distribution between its upper 
and lower standard deviations. It was assumed that there was no correlation between 
demographic parameters within a season. This approach has similarities with the 
approach of Bierzychudek (1982) who investigated the demography of Arisdema 
triphyllum in a variable environment using stochastically varying transition matrices, 
and also with the models of Watkinson et al. (1989) for Sorghum intrans and Lonsdale 
et al. (1995) for Sida acuta.
The model was constructed as a Microsoft EXCEL 4.0 spreadsheet combining 
equations 1 and 2 and incorporating stochastically varying parameter values. Results for 
both the density of the E. plantagineum population seed bank and the density of 
flowering plants were calculated for each generation. 100 replicate runs of the model for 
25 generations, by which population densities had stabilised, with a starting seed bank 
density of 500 seeds n r2 were used to build up envelopes of population trajectories for 
grazed and ungrazed E. plantagineum populations at both Canberra and Evora. The 
finite rate of population increase (X) in the absence of density-dependent control of seed 
production was calculated for each parameter set similarly through 100 iterations of the 
model. The significance of differences in population abundances at generation 25 
(equilibrium abundances) and the finite rate of population increase (X) between the 
modelled populations was assessed using a factorial ANOVA with treatments of site 
(Canberra and Evora) and grazing (grazed and ungrazed).
3.2.4 - Sensitivity analyses
The effect of a difference in a demographic parameter between sites on 
population growth or abundance is a function of both the sensitivity of the model to 
changes in that parameter and the magnitude of the difference in that parameter between 
the sites. The sensitivity of the responses of flowering plant density, seed bank density 
and X to each of the differences in parameters between the two sites was analysed. This 
was done to determine which demographic differences were most important in limiting 
populations of E. plantagineum in the native range more than in the invaded range.
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Canberra bvora
Grazed Un grazed Grazed Un grazed
Seedling 
establishment 
fraction (G)
0.064 - 0.190 0.014 - 0.090 0.010 - 0.056 0.006 - 0.023
Seedling 
survival rate
(Sj)
0.21 - 0.42 0- 0 . 17 0.51 - 0.81 0.47 - 0.89
Maximum 
fecundity of 
isolated plant 
(/max)
91 -309 134 - 746 128-217 330 - 753
Seed bank 
incorporation 
rate (Si)
0.35 - 0.70 0.35 - 0.70 0.10 - 0.40 0.10 - 0.40
Seed bank 
survival rate 
(Sb)
0.6 - 0.7 0.6 - 0.7 0.6 - 0.7 0.6 - 0.7
Minimum area 
required to 
produce fm ax  
seeds (a)
0.1 0.1 0.1 0.1
Efficiency of 1.02 1.02 1.02 1.02
resource use (b)
Table 3.1 - Parameter ranges of each of the demographic parameters used in the 
population model for grazed and ungrazed E. plantag ine um populations at Canberra and 
Evora.
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This analysis took the form of a factorial “virtual” experiment in which the 
model was iterated 100 times for each of the combinations of parameter ranges for the 
Canberra and Evora data sets. The demographic parameters which varied between sites 
(G, Sj, F, Si) were considered as treatments with two levels, these levels being the 
parameter ranges for the Canberra and Evora data sets respectively. ANOVAs of 
equilibrium flowering plant density, seed bank density and X for the resulting fully 
crossed, four treatment factorial experiment allowed for the partitioning of the effect of 
differences between sites in each parameter on population level behaviour in their order 
of magnitude. This was done by ranking them in the order of the percentage of variance 
each explained. The percentage of variance explained was calculated as the sum of 
squares for each parameter or parameter interaction as a percentage of the total sum of 
squares. Comparisons were made for grazed populations between the sites and then of 
ungrazed populations between the sites.
Classical sensitivity analysis explores the dependence of population increase on 
rates of survival and reproduction. It explores this dependence by calculating the change 
in the rate of increase that would result from a change in any one of the demographic 
parameters (Caswell 1996). This is done mathematically by computing the derivatives 
of the rate of increase with respect to each of the demographic parameters (Caswell 
1989), but can also be done by simulation. A further sensitivity analysis was carried out 
for the E. plantagineum model by simulating the effect of changes in population X as a 
result of proportionally identical changes in each of the demographic parameters. 
Identification of those demographic parameters to which population X was most 
sensitive, and also the most important parameter differences between sites from the 
previous analysis, was used to identify those parameters which would be the most 
efficient to target to achieve control of E. plantagineum in Australia. The model was 
then used to simulate and evaluate the results of some of these control options.
3.3 - Results
3.3.1 - Model results
Results of modelled E. plantagineum flowering plant and seed bank densities for 
grazed and ungrazed populations at Canberra and Evora are presented in Figs 3.2 and 
3.3. Table 3.2 presents the results of ANOVA analyses of the effects of the site and 
grazing treatments on the modelled E. plantagineum flowering plant densities, seed 
bank densities and finite rates of population increase (X), and Table 3.3 presents the 
mean and 95% confidence interval (Cl) of each of these output variables for each of the 
treatment combinations.
Grazed E. plantagineum populations at Canberra had up to 5 times greater 
equilibrium flowering plant densities than grazed populations at Evora. However, 
ungrazed populations at Canberra had equilibrium flowering plant densities about half
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(a) Grazed
140 -I
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100 -
Generation
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Evora
(b) Ungrazed
140 n
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100  -
Evora
Canberra
10 15
Generation
Fig 3.2 - Means and standard deviations of modelled E. plantagineum flowering plant 
densities for (a) grazed and (b) ungrazed populations at Canberra and Evora. Values for 
Canberra are shown shifted by 0.5 generations to clarify the presentation.
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(a) Grazed
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Fig 3.3 - Means and standard deviations of modelled E. plantagineurn seed bank densities 
for (a) grazed and (b) ungrazed populations at Canberra and Evora. Values for Canberra 
are shown shifted by 0.5 generations to clarify the presentation.
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Flowering plant Seed bank density 
density
df vr F pr vr F pr vr F pr
Site 1 32.12 * * * 132.67 * * * 79.36 * * *
Grazing 1 134.37 * * * 372.40 * * * 73.57 ***
Site.Grazing 1 463.75 *** 89.08 *** 198.08 ***
Residual 396
Total 399
* = px0.05, ** = p<0.01, *** =  px().(X) 1, ns = not significant.
Table 3.2 - Summary ANOVA table of the effects of the site and grazing treatments on 
modelled E. plantagineurn flowering plant and seed bank densities at generation 25, and 
the finite rate of population increase (A.).
Flowering plant 
density 
(plants n r-)
Seed bank density 
(seeds n r-)
X
Evora, grazed 12.9 ± 0.8 591 ± 16 1.57 ± 0.11
Evora, ungrazed 25.5 ± 1.2 2636 ± 60 2.03 ± 0.50
Canberra, grazed 81.8 ± 3 .9 2060 ± 40 4.56 ± 0.41
Canberra, ungrazed 11.2 ± 1.0 2748 ± 118 1.78 ± 0.23
Table 3.3 - Means and 95% Cl of the site and grazing treatments for the modelled E. 
plantagineum flowering plant and seed bank densities at generation 25, and the finite rate 
of population increase (A.).
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that of ungrazed populations at Evora. Thus a significant interaction arises between site 
and grazing as the flowering plant density of E. plantagineum at Canberra was lower 
when ungrazed than when grazed, while at Evora the flowering plant density was 
greater when ungrazed than when grazed. This same pattern was observed for the finite 
rate of population increase (A,). In grazed plots, E. plantagineum populations at 
Canberra had values of A between 2 to 3 times greater than grazed populations at Evora. 
However, the value of A, was lower at Canberra than at Evora in the ungrazed treatment. 
A different pattern was observed for the seed bank density. At both sites the seed bank 
density was greater in the absence of grazing than in the presence of grazing. This 
increase was of a greater magnitude at Evora than at Canberra, giving a significant 
interaction between the site and grazing treatments.
3.3.2 - Sensitivity analyses
Table 3.4 presents the results of the ANOVA analysis of the effects of 
differences in each of the demographic parameters between Evora and Canberra on 
modelled flowering plant densities, seed bank densities and population A, for grazed 
populations.
50% of the greater flowering plant density at Canberra as compared to Evora 
was explained by differences between the sites in the seedling establishment fraction 
(G), namely the up to 5 times greater seedling establishment fractions at Canberra as 
compared to Evora. The greater seed bank incorporation rates (Si) at Canberra explained 
only 17% of the greater flowering plant densities there. However, these higher seed 
bank incorporation rates (Si) at Canberra accounted for 72% of the greater seed bank 
densities at Canberra. For the finite rate of population increase (A,), again the seedling 
establishment fraction (G) was the most important difference between the sites 
explaining 45% of the higher A, at Canberra as compared to Evora.
Table 3.5 presents the results of the ANOVA analysis of the effects of 
differences in each of the demographic parameters between Evora and Canberra on 
modelled flowering plant densities, seed bank densities and population A, for ungrazed 
populations.
72% of the lower flowering plant density at Canberra as compared to Evora was 
explained by differences between the sites in the seedling survival rate (Sj), namely the 
up to 2 to 3 times lower seedling survival rates at Canberra as compared to Evora. 
Similarly, 50% of the lower finite rates of population increase (X) at Canberra as 
compared to Evora were explained by the lower seedling survival rates (Sj) at Canberra. 
However, the seed bank density of ungrazed populations at Canberra remained similar 
to that of ungrazed populations at Evora. It appears that for the seed bank density, the 
strong effect of the lower seedling survival rates at Canberra (45% of variation) was 
counterbalanced by the higher rates of seed incorporation into the seed bank at Canberra
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df
Flowering plant 
density
F pr % of
variation
Seed bank density
F pr %  o f
variation
F pr
X
%  o f 
variation
G 1 *** 50.1 * * * 3.1 *** 45.6
S j 1 *** 18.1 *** 3.0 *** 1 1.5
F 1 ** 0.2 *** 2.9 * * * 0.6
S i 1 *** 17.0 *** 70 0 *** 1 1.0
G .S i 1 *** 0.9 *** 0.8 *** 1.0
G.F 1 ns 0.0 ns 0 .0 ns 0 .0
S j .F 1 ns 0.0 ns 0 .0 ns 0.0
G .S i 1 ** 0.2 ns 0 .0 ** 0.3
S j . S i 1 *** 0.3 * 0.1 * 0.3
F .S i 1 ns 0.0 * 0.2 ns 0 .0
G .S j .F 1 ns 0.0 ns 0 .0 * 0.2
G . S j .S i 1 *** 0.3 ns 0 .0 ns 0 .0
G .F .  S i 1 ns 0.0 * 0.1 ns 0 .0
S j .F .S i 1 * 0.1 ns 0 .0 ns 0.1
G .S j .F .S i 1 ns 0.0 ns 0.0 ns 0 .0
Residual 624 12.7 17.5 29.1
Total 639
* - p<0 .05 , ** = p<0 .01 , *** = p<0 .(X) 1, ns = not significant.
Table 3.4 - Summary of the ANOVA table for the effect of differences in each of the 
demographic parameters between grazed E. plantagineum populations at Canberra and 
Evora on modelled flowering plant and seed bank densities and finite rates of population 
increase (k). The percentage of variation explained by differences in each parameter is 
calculated as the sum of squares for that parameter as a percentage of the total sum of 
squares.
df
Flowering plant 
density
F pr % of
variation
Seed bank density
F pr % of
variation
>
F pr % of
variation
G 1 *** 13.2 *** 5.1 *** 13.0
S j 1 *** 72.2 *** 45.6 *** 50.2
F 1 *** 0.6 *** 1.3 *** 1.0
S i 1 *** 5.2 *** 26.1 *** 6.8
G .S i 1 ns 0.0 *** 0 .4 *** 3.3
G .F 1 ns 0.0 ns 0 .0 ns 0.1
S j . F 1 ns 0.0 *** 0 .4 * 0.2
G .S i 1 *** 0.5 *** 0.8 ns 0.1
S j . S i 1 ** 0.1 *** 5.3 *** 1.5
F .S i 1 ns 0.0 *** 0.2 ns 0 .0
G .S j .F 1 ns 0.0 *** 0.3 ns 0 .0
G .S j .S i 1 *** 1.1 *** 1.0 ns 0 .0
G .F .S i 1 ns 0.0 ns 0 .0 ns 0 .0
S j .F .S i 1 ns 0.0 ns 0 .0 ns 0 .0
G .S j .F .S i 1 ns 0.0 * 0.2 ns 0.0
Residual 624 7.0 13.0 23.7
Total 639
* = p<0 .05 , ** = p<0 .01 , *** = p<0 .001, ns = not significant.
Table 3.5 - Summary of the ANOVA table for the effect of differences in each of the 
demographic parameters between ungrazed E. plantagineum populations at Canberra and 
Evora on modelled flowering plant and seed bank densities and finite rates of population 
increase (X,). The percentage of variation explained by differences in each parameter is 
calculated as the sum of squares for that parameter as a percentage of the total sum of 
squares.
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(Si - 26% of the variation) allowing the seed bank at Canberra to remain similar to that 
at Evora.
Percentage increase in X with an increase 
of 0.1 in each of the demographic 
____________ parameters.____________
Seedling establishment fraction (G) 83%
Seedling survival rate (Sj) 17%
Fecundity (F) (100 seeds per plant + 10%) 9%
Seed bank incorporation rate (Si) 17%
Seed bank survival rate (Sb)______________________________ 3%
Table 3.6 - Sensitivity analysis of the effect of changes in each of the demographic 
parameters on the finite rate of population increase (X).
A sensitivity analysis of the response of the finite rate o f population increase (X) 
to proportionally equal changes in each of the model parameters (Table 3.6) showed 
that the seedling establishment fraction (G) was by far the most influential parameter. 
The seedling survival rate (Sj) and the seed bank incorporation rate (Si) were equally the 
next most influential parameters, while fecundity (Fj and the seed bank survival rate 
(Sb) were the parameters with the weakest effect on population X.
3.4 - Discussion
3.4.1 - Do the differences in demographic parameters identified in chapter 2 lead to 
differences in the modelled growth rates and abundances o f E. plantagineum 
populations between the sites and the grazing treatments?
A common limitation of population models is that they are often developed from 
data sets in unmanipulated field conditions (Gillman et al. 1993). An advantage o f the 
present data set is that it was drawn from a factorial experiment in which the effect of 
the site and grazing treatments can be included via their effects on model parameters. 
This allows for the prediction of population fates under each o f the treatment 
combinations.
Grazed E. plantagineum populations at Canberra had modelled flowering plant 
densities up to 5 times greater and seed bank densities up to 3 to 4 times greater than 
that of grazed populations at Evora. These results correspond well with the weed status 
of E. plantagineum in Australia and its relatively innocuous nature in Mediterranean
63
Europe. A second major contrast between the sites was that in the model, grazing 
limited the abundance and growth rate of E. plantagineum populations at Evora, but 
increased them at Canberra. At Evora, grazing decreased fecundity leading to fewer 
seeds entering the seed bank. As the rate of seedling establishment did not increase 
dramatically and the seedling survival rate did not increase at all with grazing, this 
smaller seed bank resulted in a lower modelled density of flowering plants. Similarly, 
the presence of grazing at Canberra also decreased plant fecundity. However, in contrast 
to at Evora, grazing at Canberra increased both the seedling establishment rate and the 
rate of seedling survival. The greater number of individuals able to establish from the 
seed bank and survive were able to more than compensate for the losses of seed due to 
grazing and this resulted in a greater modelled density of flowering plants.
These results are consistent with the hypothesis that the effects of grazing on the 
abundance of a species are the sum of the positive or negative effects on establishment 
and survival of the disturbance effects of grazing, and the negative effects on seed 
production of the defoliation effects of grazing (Noy-Meir et al. 1989). For E. 
plantagineum, where disturbance by grazing considerably increased establishment and 
survival, as in Australia, the loss of seeds due to grazing did not reduce seed rain to the 
point where it limited plant numbers. At Evora grazing had less of an effect in 
increasing establishment and survival and reduced the seed rain to the point where it 
decreased plant numbers.
3.4.2 - How do these modelled differences in growth rates and abundances relate to 
those differences seen in the field?
A simple form of model validation was carried out by comparing the magnitude 
of modelled differences in flowering plant density and seed bank density between the 
sites and grazing treatments with values measured in the field. For grazed populations at 
Evora, modelled densities lay mostly between 5 to 15 flowering plants n r2 and between 
400 to 700 seeds n r2 in the seed bank. This represented a good match between 
modelled and actual population densities. During season 1, flowering plant densities in 
the main field experiment were well within this range, and towards the lower end of the 
range during season 2 (Table 2.15). Seed bank densities at Evora during the second 
season, once the treatments had a chance to have an effect, were also well within the 
range of modelled values (Table 2.16).
Modelled values of flowering plant density and seed bank density for ungrazed 
populations at Evora showed an increase relative to grazed populations. No such 
increase in the flowering plant densities of ungrazed relative to grazed populations was 
observed in the field (Table 2.15). However, a longer term study monitoring grazed and 
ungrazed populations of E. plantagineum at sites near Evora showed that E. 
plantagineum flowering plant density did increase in ungrazed plots (Forrester 1992). 
This effect was most apparent some 3 to 5 years after the cessation of grazing. Figure
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3.2 shows that the modelled increase in plant density in ungrazed plots is a slow process 
with a gradual increase in population density from season to season. Consequently, it is 
likely that a two year study, such as this one, is too short to pick up a trend of increases 
in plant density. However, seed bank densities measured in the field did show a rise in 
ungrazed plots as compared to grazed plots as was predicted by the model, possibly 
indicating that an increasing trend was beginning.
For grazed populations at Canberra, modelled densities lay mostly between 40 to 
120 flowering plants n r2 and between 1500 to 2500 seeds n r2 in the seed bank. A poor 
match was found between modelled and actual population densities with measured 
flowering plant densities for grazed populations at Canberra in the order of 20 plants nr 
2 and seed bank densities around 500 seeds n r2 (Tables 2.15, 2.16). The modelled 
population densities were more representative of E. plantagineum densities in a heavily 
infested grazed pasture in Australia, where flowering plant densities have a mean range 
of 100 to 300 plants n r2 and seed banks in the range of 2000 to 10000 seeds n r2 
(Piggin and Sheppard 1995). The sites at Canberra had very low population densities 
compared to such pastures. The most probable explanation for the poor match between 
actual and modelled population densities at Canberra is that as the invasion of E. 
plantagineum into "Oaks paddock" is only a recent event, population densities there 
have not yet had a chance to build up to near their equilibrium. Other reasons why the 
modelled populations may be higher than real populations are that the true mortality 
rates of grazed Canberra populations may be higher than estimated. The values for the 
demographic parameters are based on a limited data set gathered during only two 
seasons. Other than longer term studies, there is no method of assessing whether the full 
range of each parameter has been encompassed, or determining its probability 
distribution within that range. If the full range of each parameter has not been correctly 
estimated, underestimating the potential mortality within a demographic parameter 
could give rise to overly high estimates of population density. Similarly, if within the 
range of values for a demographic parameter the probability distribution over seasons is 
skewed towards the lower end of the range, the rectangular probability distribution used 
by the model would result in lower levels of mortality than in reality and consequently 
over-estimate population densities.
Modelled values of flowering plant density and seed bank density for ungrazed 
populations at Canberra showed a decrease relative to grazed populations in flowering 
plant densities, but an increase in the seed bank. Both of these modelled trends 
paralleled those in the field. Modelled flowering plant densities for ungrazed 
populations ranged between 0 to 15 plants n r2 and seed bank densities between 1500 to 
4000 seeds n r2. In the field, actual plant densities fell to around 5 to 8 plants n r2 during 
season 1, and around 2 plants n r2 during season 2 (Table 2.15). By the second season 
the measured seed bank density in ungrazed plots had risen to lie in the order of 1000 to 
1500 seed n r2 (Table 2.16).
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In summary, a generally good match was found for grazed and ungrazed E. 
plantagineum populations at each site between modelled densities of flowering plants 
and the seed bank and actual values or trends measured in the field. The major 
exception was the over estimation of population densities within grazed plots at 
Canberra, but this may stem largely from the early stage of the invasion of E. 
plantagineum into "Oaks paddock". These results are encouraging, but given the 
uncertainty over the ranges and probability distributions of the demographic parameters, 
must still be treated with caution.
3.4.3 - Which are the most important differences in demographic parameters in 
determining the differences in population size and growth rate between sites? In 
particular, which demographic differences are important in limiting populations of E. 
plantagineum in the native range more than in the invaded range?
In grazed pastures, the higher modelled flowering plant densities and finite rates 
of population increase (X) at Canberra were predominantly due to the higher seedling 
establishment rates at Canberra. The higher modelled seed bank densities at Canberra 
were largely explained by the higher seed bank incorporation rates at Canberra. Thus, it 
can be concluded that the factors limiting grazed E. plantagineum populations in 
Mediterranean Europe to population densities and growth rates below those in Australia 
were the lower rates of seedling establishment and incorporation of seeds into the seed 
bank. In contrast, in ungrazed pastures, modelled population densities and growth rates 
at Evora were higher than those at Canberra. These lower modelled population densities 
and growth rates at Canberra were overwhelmingly due to the lower rates of seedling 
survival at Canberra. The lower rates of seedling survival at Canberra are probably the 
result of high intensities of competition and thick litter layers produced by the dense 
swards of tall annual grasses which came to dominate the ungrazed plots in Australia 
(see section 2.4.2.1).
3.4.4 - Model limitations
The population size of E. plantagineum was modelled as an interaction between 
the negatively density-dependent control of fecundity through intraspecific competition 
and sources of density-independent mortality. Numerous other locally abundant annual 
plants are considered to be controlled this way and models of a similar type to that used 
here have been used to assess factors affecting population size and to model the effects 
on population size of the imposition of control methods for weed species (Watkinson 
and Harper 1978, Watkinson et al. 1989, Lonsdale et al. 1995). Conclusions regarding
« r e
the change in population size through time using such models ii particularly limited by 
knowledge of variation in demographic parameters. Apart from the realisation that the 
demographic parameters of a population vary over time, and it is known that this 
variation can be considerable (Damman and Cain 1998), there is very little
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understanding of their probability distribution through time. Cousens (1995) suggested 
that to ensure management advice is not dependent on one or a few abnormal years 
when data are collected, we might use parameter averages over a number of years. In 
this study, in the absence of a long time series of data, a number of simple assumptions 
were made regarding the range of demographic parameters and their variation between 
seasons, but only further long term studies (as suggested by Cousens) can validate these 
assumptions.
Directional change in demographic parameters should also be taken into 
account. For example, for ungrazed E. plantagineum populations it could be expected 
that over time the establishment of perennial vegetation in ungrazed plots would 
progressively decrease opportunities for E. plantagineum establishment. Such 
directional environmental change, and its consequent effects on demographic 
parameters, are not considered in the model which is based on the continuation of 
conditions as they are currently. Similarly, episodic changes in demographic parameters 
in response to climate extremes or management interventions are currently not included 
in the model. Echium plantagineum densities in Australia can vary dramatically from 
paddock to paddock depending on the effects of management decisions, such as grazing 
intensity, on parameters such as seedling establishment. These changes are an example 
of where the extremes of demographic parameters are perhaps more important than their 
averages. A key to better understanding the dynamics of plant populations may lie in 
quantifying this temporal and spatial variation in life history parameters due to 
environmental stochasticity, longer term environmental change such as succession and 
episodic events such as climatic extremes and management changes. Indeed, current 
theories of the coexistence of populations of different species stress the importance of 
how differences between species in the response of demographic parameters to 
environmental variation, and the resulting variation in which species are favoured under 
different environmental conditions, may contribute to the maintenance of species 
diversity (Chesson and Huntly 1989).
Even though validation of the assumptions of the model is a very difficult task 
due to the stochastic, highly complex nature of the natural environment, models such as 
that in this study have important uses if they are based on a sensible model structure and 
empirically derived parameter values (Cousens 1995). The model results are the logical 
implication of existing data, produced via a process that assimilates and applies what 
we do understand and thus are a form of quantitative prediction which is better than no 
guess at all. For questions of applied science, for example weed control, such models 
can provide hypotheses of why a species is invasive which, rather than being treated as 
the answer, should be treated as hypotheses to be tested by experimentation.
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3.4.5 - Management implications
A sensitivity analysis of the effects of changes in each of the demographic 
parameters on modelled finite rates of population increase (A,) showed that the seedling 
establishment fraction was the parameter which produced the greatest changes in 
population X, followed by the seedling survival rate and the seed bank incorporation 
rate (Table 3.6). The seedling establishment fraction and the seed bank incorporation 
rate were also those parameters most important in determining the greater modelled 
population densities and abundances of E. plantagineum in grazed plots at Canberra. 
This suggests that, firstly, these latter two parameters are those which if reduced may 
produce the greatest decreases in E. plantagineum densities and growth rates. Secondly, 
if it is possible to determine what limits both of these parameters more in Mediterranean 
Europe than in Australia, this may suggest possible management techniques to lower 
these parameters in Australia and thereby reduce E. plantagineum population densities 
and growth rates.
Figure 3.4 shows that reducing the seedling establishment rate for grazed 
Canberra populations from values of 0.1 to 0.15, such as those measured at Canberra, to 
values of 0.02 to 0.05, such as those measured at Evora, reduces the density of 
flowering plants and the finite rate of population increase (X). However, a threshold 
effect is apparent for the seed bank density. No appreciable decrease is seen in the seed 
bank density until the seedling establishment rate is reduced to values of 0.02. It 
appears that as the number of establishing plants is reduced, these plants are able to 
increase their fecundity, due to decreased intraspecific competition, to maintain seed 
production at a level able to maintain the seed bank. It is only once the fraction of 
establishing seedlings is reduced to 0.02 that surviving plants cannot any longer 
compensate for the effects of declining density by increasing their fecundity. This 
phenomenon is an example of compensatory effects due to the decreased density of 
surviving plants buffering the effect of mortality (Lonsdale 1996). This phenomenon 
also suggests that a control method for E. plantagineum based entirely on reducing the 
seedling establishment fraction, for example through increasing pasture competition to 
reduce the number of safe sites for establishment, would need to be highly effective if 
E. plantagineum seed bank densities are to be reduced. Even a decrease of 50% from 
currently measured values at Canberra, to around 0.05, would have negligible effects on 
the seed bank density.
Figure 3.5 shows that reducing the seed bank incorporation rate from levels 
estimated at Canberra (0.6) to levels estimated at Evora (between 0.1 to 0.4) also 
reduces the flowering plant density and the finite rate of population increase (X) of the 
E. plantagineum population. In this case, decreases in the seed bank incorporation rate 
also translated directly into decreases in the seed bank density. This result indicates that 
seed predators may have a significant effect on E. plantagineum population densities 
and growth rates if established in Australia, but again that reductions in the seed bank
68
(a) Flowering plant density
140 i
120 -
100 -
Generation
-•----- G = 0.1 5
X -  4 .93-0 .50
-o ----- G = 0.1
X -  3.73 ± 0.56
-■----- G = 0.05
X -  2.11 £ 0.27
-a ----- G = 0.02
X -  1.30 ± 0.11
(b) Seed bank density
3000 -i
2500 -
2000  -
1500 -
1000 -
500 -
Generation
G = 0.1
-■----- G = 0.05
*----- G = 0.15
G = 0.02
Fig 3.4 - The modelled effect of decreases in the seedling establishment fraction (G) on 
(a) flowering plant density, (b) seed bank density and the finite rate of population 
increase (A.) for grazed E. plantagineum populations at Canberra (mean and 95% Cl of 
100 replicates).
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Fig 3.5 - The modelled effect of decreases in the seed bank incorporation rate (Si) on (a) 
flowering plant density, (b) seed bank density and the finite rate of population increase 
(A,) for grazed E. plantagineum populations at Canberra (mean and 95% Cl of 100 
replicates).
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(a) Flowering plant density
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Fig 3.6 - The modelled effect of decreases in the seed bank incorporation rate (Si) on (a) 
flowering plant density, (b) seed bank density and the finite rate of population increase 
(X) for grazed E. plantagineum populations at Canberra when the seedling establishment 
rate (G) has been decreased to G = 0.05 (mean and 95% Cl of 100 replicates).
71
incorporation rate would need to be major to have a significant impact. However, as 
such post-dispersal seed predators are unlikely to be sufficiently species specific to be 
safely introduced as biological control agents, an important question is by how much 
must fecundity or plant survival be reduced to achieve an effect of similar magnitude to 
that of decreases in the seed bank incorporation rate. The sensitivity analysis of the 
response of the finite rate of population increase (A.) to changes in each of the 
demographic parameters (Table 3.6) suggests that reductions in seedling survival may 
have effects of similar magnitude to reductions in seed incorporation into the seed bank, 
while reductions in fecundity may need to be considerably greater than those in the seed 
bank incorporation rate to achieve the same effect. Consequently, biological control 
agents or grazing regimes which decrease E. plantagineum survival and fecundity, 
while perhaps less efficient than techniques reducing the seed bank incorporation rate, 
may also play a significant role in reducing the abundance and growth rate of E. 
plantagineum in Australia.
Successful control of weed populations usually requires a combination of 
control methods (Groves 1989). Figure 3.6 is a simulation in which both the seedling 
establishment rate and the seed bank incorporation rate are decreased, representing 
perhaps increases in pasture competition and also increases in the rate of both pre and 
post-dispersal seed predation. Upon reducing the seedling establishment rate to the 
value of 0.05, the top of the range of values measured at Evora (down 50% from mean 
values at Canberra), any reductions in the seed bank incorporation rate translate directly 
into major reductions in flowering plant and seed bank densities. Additional reductions 
in the seed bank incorporation rate from 0.6 to 0.4 (33% lower) result in modelled 
flowering plant density being reduced to around 20 plants m'2, only 25% of values for 
the normal grazed, Canberra parameter set. Even greater reductions in the seed bank 
incorporation rate would lead to rapid decreases in E. plantagineum population growth 
rates and densities. These simulations suggest that an efficient control method for E. 
plantagineum populations in Australia may be best achieved through the joint targeting 
of the seedling establishment rate and parameters limiting the number of seeds reaching 
the seed bank (eg. seed bank incorporation rate, fecundity).
3.5 - Conclusions
Grazed E. plantagineum populations at Canberra had considerably higher 
modelled population abundances and growth rates than grazed populations at Evora. In 
contrast, ungrazed populations at Evora had higher modelled flowering plant densities 
and growth rates than ungrazed populations at Canberra.
The modelled population abundances corresponded well with actual values and 
trends measured in the field. The major exception to this was the over-estimation by the 
model of abundances for grazed populations at Canberra, but this may have been due to 
the early stage of invasion of E. plantagineum into that pasture.
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The greater abundances of flowering plants and rates of growth of grazed E. 
plantagineum populations in Australia, as compared to Mediterranean Europe, were 
mostly the result of the greater success of seedling establishment in Australia. The 
higher seed bank densities in Australia were mostly due to the greater seed bank 
incorporation rates in Australia. The following chapter investigates why these 
parameters are lower in Mediterranean Europe than in Australia through a comparative 
investigation of the ecological processes limiting seedling establishment, in particular 
the frequency of safe sites for establishment, and incorporation of seeds into the seed 
bank at both Evora and Canberra.
73
Chapter 4 - Ecological processes limiting the seedling establishment 
fraction ((7) and the seed bank incorporation rate (Si) of E. 
plantagineum in its native and invaded ranges
Greater seedling establishment fractions and seed bank incorporation rates have 
been identified as the demographic differences leading to the greater abundances and 
growth rates of grazed E. plantagineum populations in Australia as compared to 
Mediterranean Europe. The aim of this chapter is to determine what are the ecological 
processes limiting the seedling establishment fraction and the seed bank incorporation 
rate at Evora, more so than at Canberra. This question is the third key question of the 
project proposed in the introduction. Answers to this question may suggest more 
efficient weed control techniques to reduce the seedling establishment fraction and the 
seed bank incorporation rate, and thus population growth rates and abundances, of E. 
plantagineum populations in Australia.
4.1 - Limitation of the seedling establishment fraction (G)
The number of seedlings establishing from a seed bank is essentially limited by 
two processes, the availability of seeds and the number of safe sites for establishment 
available for germinating seeds to occupy (Eriksson and Ehrlen 1992). The potential 
availability of seeds is determined by the proportion of germinable seed present in the 
seed bank. The availability of safe sites for establishment is a filter through which these 
germinating seeds must pass and determines the final potential density of seedlings. The 
availability of such safe sites will be determined by factors such as microclimate, 
competition, seedling predation and/or disturbance frequency.
The observation that the proportion of E. plantagineum seeds lost from the seed 
bank during germination did not differ greatly between sites, but that the proportion of 
these germinating seeds successfully establishing was much lower at Evora, suggests 
that it is the latter, safe sites, component of the establishment process which differs 
between the sites (see section 2.4.1.1). Consequently, the first aim of this section is to 
compare between the sites the processes determining the proportion of seeds in the seed 
bank that germinate each autumn, to determine if these result in similar outcomes 
between sites. The second aim is then to compare between the sites the processes 
determining the number of safe sites for establishment, and thus the proportion of 
germinating seeds successfully establishing, to determine if there are greater numbers of 
these safe sites at Canberra. Mechanisms investigated determining the proportion of the 
seed bank germinating at both sites were the dormancy behaviour of seeds and their 
germination response to a variety of environmental cues. Mechanisms investigated 
determining the number of safe sites at both sites were the competitive interactions 
between E. plantagineum and other pasture species during the establishment phase.
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4.1.1 - Echium plantagineum dormancy behaviour
The physiological readiness of a seed to germinate can vary with the time since 
its maturation (after-ripening) and with the season in order to ensure its germination at 
the appropriate time. Such dormancy behaviour has been interpreted as an adaptation to 
ensure the timing of seed germination to avoid unfavourable periods, as seeds are more 
resistant than the vegetative stage (Harper 1957), maintain population growth rate when 
probabilities of vegetative adult survival and reproduction vary in time (Cohen 1966, 
1967) and prevent the elimination of the population through some catastrophic event 
such as drought, fire or cultivation. Harper (1977) classified types of dormancy into 
three broad categories. Innate dormancy is due to endogenous factors such as the 
maturity of the embryo or seed coat impermeability which prevents germination 
occurring until certain after-ripening processes are complete or a specific external 
stimulus is applied. Induced dormancy occurs when seeds are capable of germination, 
but become dormant as a result of exposure to certain conditions, such as darkness, and 
do not germinate until these conditions cease to act or again receive some external 
stimulus. Finally, enforced dormancy occurs when seeds are prevented from 
germination by environmental conditions, notably high or low temperatures or low 
moisture, and lasts only as long as the factors act upon the seeds. Seeds with an 
enforced dormancy thus can be considered as merely quiescent.
A species’ dormancy behaviour determines the proportion of its seed bank 
available to germinate at any time. A hypothesis to be tested is whether the timing of E. 
plantagineum seed dormancy, and thus the proportion of seeds available for 
germination during autumn, differs between Canberra and Evora.
4.1.1.1 - Methods
The dormancy behaviour of E. plantagineum seeds over time was quantified 
using buried seed batches which were recovered sequentially and assessed for their 
germinability. Freshly collected seed from E. plantagineum populations at both 
Canberra and Evora were sorted into 5 batches of 100 seeds each during January 1997 
at Canberra and July 1995 at Evora. Each batch was sewn into a small (5 cm by 5 cm) 
mesh bag, the fine mesh of which ensured that the seeds experienced prevailing soil 
conditions but were still recoverable for germination trials. Seeds were buried 5 cm 
deep in the soil. In Australia they were buried at the Canberra field site, while in 
Mediterranean Europe, seeds were buried near the CSIRO European laboratory near 
Montpellier, France. This latter site experiences a mediterranean climate similar to that 
at Evora and allowed recovery of the buried seeds without having to travel to Evora too 
frequently. An initial batch of 100 seeds was assessed for germinability immediately 
after harvest. Subsequently, one bag was recovered during the autumn, winter, spring 
and summer thereafter.
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Seeds in each recovered bag were sorted and whole seeds were placed onto filter 
paper within a glass petri dish in a growth cabinet with a 25715°C day/night 
temperature cycle and 12/12 hour day/night light cycle. Seeds were watered until the 
filter paper was wet, but with little free water, and the germination percentage assessed 
once every 2 days. Seeds were considered to have germinated when the radicle 
protruded through the seed coat. Once no more seeds had germinated for a total of 5 
days, the remaining seeds were considered as ungerminable and were dissected. The 
condition of their endosperm was assessed as either white and undamaged, and thus 
viable, or discoloured or rotten, and thus dead. The accuracy of this technique was 
confirmed using a tetrazolium chloride stain (Moore 1962) to estimate seed viability. 
Seeds in each bag were scored as either: 1) having already germinated in the soil, as 
evidenced by split seed coats; 2) viable and germinable under suitable conditions, as 
evidenced by their germination in the growth cabinet (enforced dormancy); 3) viable 
but ungerminable, as evidenced by failure to germinate in the growth cabinet with an 
undamaged endosperm (induced or innate dormancy); or 4) dead, as evidenced by their 
discoloured or damaged endosperm.
4.1.1.2 - Results
Figure 4.1 presents the results of the seed germinability trials for seeds from 
Canberra and Evora. The patterns of E. plantagineum seed germinability with time were 
very similar between the two sites. Immediately after seed maturation (summer), most 
seeds were dormant and very few germinated under growth cabinet conditions. During 
autumn at both sites, the proportion of seeds which germinated in response to growth 
cabinet conditions increased and this was paralleled by increases in the number of seeds 
germinating under field conditions in the bags buried in the soil. During winter and 
spring at both sites, those seeds which had not germinated during autumn returned to a 
state of nongerminability under growth cabinet conditions, and similarly, no further 
germinations were occurring amongst those seeds remaining in the soil. The return of 
summer conditions at both sites was marked by a second increase in the number of 
seeds germinable under growth cabinet conditions.
The seed burial experiment showed that between 30 to 40% of seeds had either 
germinated or died in the soil and some 60 to 70% of seeds remained viable in the soil 
after one season at both sites (summer 97 until spring 97 at Canberra, and from summer 
95 until spring 96 at Evora). Assuming that the number of seeds decrease exponentially, 
a common assumption for buried seed populations (Rees and Long 1993), the 
proportional loss each year is constant. Therefore, this gives an estimate of seed bank 
survival at both sites of 0.6 to 0.7 each season. However, it should be noted that the 
often assumed simple exponential decay rate of buried seed populations is not always 
the norm (Rees and Long 1993) and may often be a result of the poor resolution of seed 
bank densities by most commonly used sampling techniques (Lonsdale 1988).
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Fig 4.1 - The cumulative percentage of recovered E. plantagineum seeds having either 
died, germinated in the soil, germinated in the growth cabinet (enforced dormancy) or 
been viable but ungerminable (innate or induced dormancy) over one growth season at (a) 
Canberra and (b) Evora.
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The observation that the majority of losses of viable seeds occurred during the 
period of germination at both sites, with little further loss of seed over the period from 
winter until summer, strongly suggests that most of the loss of seeds from the seed bank 
of E. plantagineum was as a result of germination.
4.1.1.3 - Discussion
Both the patterns of dormancy cycles and the proportion of seeds germinating 
over one season did not differ greatly between E. plantagineum seeds from Canberra 
and Evora. This lack of a major difference in seed bank decay rates suggests that there 
have been no major changes in the intrinsic dormancy behaviour of seeds between the 
sites. Consequently, it is unlikely that the higher seedling establishment fractions from 
the seed bank in Australia as compared to Mediterranean Europe are due to a greater 
proportion of the seed bank being germinable in Australia during autumn germination.
The pool of E. plantagineum seeds in the soil was in a state of continual 
physiological change and exhibited dormancy/nondormancy cycles typical of those 
described by Baskin and Baskin (1985) for winter annual species. Seeds were innately 
dormant upon seed maturity in early summer and did not germinate under field 
conditions, thus preventing germination during the hot summer period. After-ripening 
through exposure to high temperatures continued over summer and autumn after which 
many seeds entered a period of enforced dormancy where they can germinate with the 
addition of moisture. Large numbers of these seeds germinated with autumn rainfall, a 
period during which seedlings have a good chance of surviving. During winter and 
spring, ungerminated seeds entered a state of induced dormancy, probably driven by 
cold temperatures, where they lost their ability to germinate under the tested conditions 
of light and temperature. Evidence of this induced dormancy was shown by the 
complete absence of germination for seeds exhumed from the soil during these periods. 
Not germinating in spring prevents plants from having a short growing season and 
minimises competition with individuals which germinated in autumn. During the 
second, and presumably the following years, a proportion of the seeds in a state of 
induced dormancy ripened during the summer, in response to high temperatures, and re­
entered a state of enforced dormancy during autumn, which could be broken by the 
addition of moisture. Panetta and Randall (1993) have summarised this pattern of 
winter-annual seed dormancy as being induced by low temperatures and relieved by 
high temperatures.
Studies investigating the seed bank dynamics of E. plantagineum in an ungrazed 
pasture in Australia (Jugiong, New South Wales) have shown that an E. plantagineum 
seed bank can remain stable under a thick sward of perennial vegetation with few seeds 
germinating (A. Sheppard, pers comm.). As the soil under the thick tussocks of the 
perennial grass Phalaris aquatica present at this site probably does not heat up greatly 
over the summer months, due to the insulating effect of the grass, the suggestion is
78
raised that if E. plantagineum seeds in the seed bank do not get the cue of high summer 
temperatures to come out of the dormancy enforced by cold temperatures, they can 
remain in induced dormancy until a break in the vegetation above them allows them to 
become exposed to warmer temperatures and thus become germinable.
The use of mesh bags to facilitate the recovery of buried seeds may have, 
however, also excluded seed predators and led to an under-estimation of the rates of 
seed loss (see section 2.4.1.4). Despite this possibility that many seeds are lost from the 
soil through the depredations of predators or pathogens (Burdon 1987), the loss of the 
majority of seeds during the period of germination suggests that most seed bank decay 
for E. plantagineum is due to the germination of seeds in the soil. Similarly, 85% of the 
seed loss from a population of the grass Lolium perenne was due to deep germination 
resulting in death (Schafer and Chilcote 1970) and most of the losses of seeds in a seed 
bank of the legume Trifolium repens resulted from germination (Chapman and 
Anderson 1987). Germination stimulated by temperature fluctuations was also the most 
important factor in the loss of seeds from the seed bank of Mimosa pigra in northern 
Australia (Lonsdale 1993b). For annual species it appears that most seed mortality is 
due to the wearing off of dormancy mechanisms and subsequent unsuccessful 
germination while buried in the soil (Roberts and Feast 1972), although losses due to 
pathogens are very difficult to rule out.
4.1.2 - The response of E. plantagineum seeds to germination cues
Given that the proportion of the E. plantagineum seed bank which was 
germinable during autumn was similar between Canberra and Evora, the next 
determinant of the number of seeds which actually germinate is the response of seeds to 
environmental cues. Studies of factors controlling seed germination have revealed a 
bewildering variety of possible mechanisms including responses to light intensity, 
photo-period, light quality (spectral composition), temperature, temperature 
fluctuations, nitrates, O2 and CO2 levels, pH and moisture (Silvertown 1982). However, 
in general once dormancy is overcome, germination then depends on the availability of 
moisture to allow for imbibition and growth, a temperature regime favourable for 
certain key biological reactions and in some species a light regime to enable a change in 
the state of phytochrome (Groves 1986).
Many of the responses which seeds make to specific germination cues can be 
readily interpreted as adaptations for gap or depth detection (Fenner 1985). One 
effective method for limiting germination to gaps and in the upper layers of the soil is 
for a seed to have a requirement for fluctuating temperatures to stimulate germination 
(Dillon and Forcella 1985). Soil and a covering of vegetation both act as insulators and 
the deeper a seed is buried, or the more covered by vegetation the soil, the less it will be 
affected by daily temperature cycles (Thompson et al. 1977). A positive germination 
response to temperature fluctuations thus provides a seed with both a depth sensing and
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vegetation sensing mechanism. Vegetation canopies can also act as selective filters to 
light passing through them. One of the important effects of this is the greater absorption 
of light by chlorophyll in the red wavelengths as compared to the far red (Smith 1982). 
Seeds under a vegetation canopy therefore experience a decreased red/far red ratio when 
compared to seeds in the open, and a consequent inhibition of germination by leaf 
canopies has been demonstrated for many species (Gorski et al. 1978). Similarly, 
dormancy enforced by darkness may allow a seed to avoid germination too deep in the 
soil (Bliss and Smith 1985). Such mechanisms may allow a seed to be sensitive to the 
presence of established vegetation or their depth of burial and provides cues to which a 
seed can respond either by remaining dormant, or germinating. One aim of this section 
is to investigate whether the germination response of E. plantagineum seeds to cues of 
absolute and alternating temperatures and light regime differ between the sites.
The majority of germinations occur at both Canberra and Evora with autumn 
rainfall. Agronomists and farmers refer to this phenomenon in Australia as the “break” 
in the season. “False breaks” occur when rain comes in late summer or early autumn but 
then is not followed by subsequent effective rainfall for a month or more. Such a 
situation can lead to the germination of E. plantagineum, and subsequent mortality of 
these seedlings, and are a common feature of the south-east Australian environment 
(Groves 1986).
Only one cohort of E. plantagineum establishment was observed at Evora during 
both seasons in contrast to the multiple cohorts observed at Canberra. An experiment 
was carried out to test whether the germination of E. plantagineum seeds was induced 
by one wetting event, or whether multiple wetting events could result in numerous 
pulses of germination, and to investigate how this response differed between the sites. 
In addition, the rainfall patterns at both Canberra and Evora were characterised in terms 
of the number of discrete rainfall events (“breaks”) occurring at each site in order to 
determine if germination opportunities differed between the sites. The questions of 
interest were; are germination opportunities in the south-east Australian environment 
more risky than in Mediterranean Europe due to the greater chances of “false breaks”?, 
and does this environmental difference relate to any changes in the germination 
response of E. plantagineum between the sites to multiple rainfall events?
4.1.2.1 - Methods
Each of the experiments described below was carried out separately for E. 
plantagineum seeds both from Canberra and Evora. Seeds of E. plantagineum were 
collected from E. plantagineum populations at Canberra during January 1997 and at 
Evora during July 1995. These seeds were stored at room temperatures in the dark 
before the commencement of each of the experiments. For all of the following 
germination experiments seeds were placed onto filter paper within glass petri dishes. 
The filter paper was watered until wet, but with little free water, and the germination
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proportion in each treatment was assessed once every 2 to 4 days. Seeds were 
considered to have germinated when the radicle protruded through the seed coat. Once 
no more seeds had germinated for a total of 5 days, the remaining seeds were 
considered as ungerminable. As E. plantagineum germination was very quick, usually 
completed within 10 days, there was no need for a fungicide to be applied during the 
germination experiments as no appreciable densities of fungi developed.
Light regime experiment
The following treatments were set up in a controlled environment chamber with 
a 25715°C day/night temperature regime and a 14/10 hour light/dark cycle: 1) petri 
dishes experiencing the full illumination of the chamber lights; 2) petri dishes wrapped 
in shade-cloth transmitting 50% light; 3) petri dishes wrapped in shade-cloth 
transmitting 10% light; 4) petri dishes wrapped with the leaves of local Asteraceae and 
grass species (these leaves were changed every 4 days) experiencing vegetation-filtered 
light; and 5) petri dishes wrapped in aluminium foil to keep them in complete darkness. 
The shade-cloth treatments were included to provide a neutral filter to differentiate 
between the shading effects and vegetation specific effects (for example shifts in the 
red/far red ratio) of the vegetation-filtered light treatment. There were 5 replicate petri 
dishes of each of these treatments, with each dish containing 50 seeds of E. 
plantagineum giving a total of 250 seeds per treatment. The germination proportion of 
seeds in petri dishes experiencing darkness, shading or vegetation-filtered light was 
assessed under dim light and for as short a time as possible.
The proportion of seeds germinating in each treatment was analysed using a one­
way ANOVA. As the results of the number of seeds germinating in each petri dish were 
in the form of proportions, this might indicate the need for transformation. As all 
values, however, fell between 0.2 and 0.85 and met criteria of normality, the ANOVA 
was carried out on untransformed data.
A spectroradiometer was used to compare the light environment under each of 
the treatments (full light, shade-cloth, vegetation-filtered light). Changes in the red/far 
red ratio were assessed as the ratio of the spectral intensity in a 10 nm band centred on 
660 nm to the spectral intensity in a 10 nm band centred on 730 nm (Pons 1986).
Temperature response experiment
A controlled environment chamber was set up sequentially with paired constant 
and alternating day/night temperature regimes of 10710°, 15715°, 10715°, 20720°, 
10720°, 25725°, 10725°, 30730°, 10730°, 40740°, 10°/40°C. At each of these 
temperature regimes, 4 petri dishes each containing 25 seeds of E. plantagineum were 
placed inside the chamber and germinated. The germination proportion of seeds in each 
of the temperature treatments was compared graphically between the sites.
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Repeated “rainfall” experiment
Four hundred seeds of E. plantagineum (50 in each of 8 petri dishes) were 
wetted in a controlled environment chamber with a day/night temperature regime of 
25715°C and a light/dark cycle of 14/10 hours. Once the first pulse of germination was 
finished, ungerminated seeds were returned to room temperatures and allowed to dry 
and then stored in the dark. These ungerminated seeds were re-wetted in the controlled 
environment chamber under the same conditions after an interval of one week after the 
termination of the first trial (two weeks at Canberra). Again the germination percentage 
of these seeds was assessed until no more germination occurred, and ungerminated 
seeds were allowed to dry and returned to the dark. These ungerminated seeds were 
wetted for a third and final time under the same conditions after an interval of 5 weeks 
after the termination of the first trial and their germination percentage recorded. The 
percentage of seeds germinating at each of the three simulated “rainfall” events was 
compared graphically between sites.
Soil moisture regimes at both sites
A simple water balance model (McAipine and Short 1974) was constructed to 
estimate the effects of rainfall on soil moisture (mm water in the soil) at both Canberra 
and Evora and to quantify the relative frequency of “false breaks” between the sites. 
Change in soil moisture was calculated each day as the difference between added 
rainfall and soil water losses due to evaporation and run off. The model used daily 
rainfall (mm) and pan evaporation (mm) from weather stations at Canberra airport (30 
year data set, 1967-1997) and Evora (10 year data set, 1985-1994). For each day, any 
rainfall was added to the amount of water currently stored in the soil. If this combined 
total exceeded an assumed total capacity for soil moisture storage (set at 50 mm for 
both sites), soil moisture became equal to the total capacity and the excess was assumed 
to run off. Daily soil water loss due to evaporation was then estimated using the 
following equation:
Evaporation = 0.8 x pan evaporation x (current soil moisture / maximum soil moisture)^
Daily evaporation, which was calculated as 0.8 multiplied by the daily pan 
evaporation, was multiplied by an expression which alters the rate of soil water loss as a 
function of the current soil water storage. The constant k (set at 0.9) for both sites 
describes the shape of this soil water loss function as water is progressively bound more 
tightly to the soil as the soil becomes drier. The model, assumptions and constants used 
are based on the model WATBAL (McAipine and Short 1974).
To estimate the relative frequency of “false breaks” between the sites, an 
assumption was made that a “break” occurred when a soil moisture level of greater than 
15 mm, assumed to be sufficient to induce germination, was subsequently followed by a
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period of more than 7 days during which soil moisture fell below 5 mm, assumed to 
lead to seedling mortality. The counting of such events was restricted to the months of 
summer and autumn at each site to give a measure of the number of times a possible 
germination inducing rainfall terminated in a significant dry period at each site. The 
mean number and standard error of such events over the 30 year data set at Canberra 
and the 10 year data set at Evora were compared. The “true break” of season, which 
terminates with the onset of dry conditions the following summer, was included in this 
count.
4. 1.2.2 - Results 
Light regime experiment
Seeds of E. plantagineum germinated in all light treatments with no significant 
differences in the proportion of seeds germinating between them at either Canberra or 
Evora (Fig 4.2, Table 4.1). Seeds of E. plantagineum at both sites showed a rapid initial 
germination rate of between 40 to 50% at Evora and 30 to 40% at Canberra. 80 to 90% 
of those seeds germinating did so within 4 to 6 days (Fig 4.3). The remaining 50 to 70% 
of seeds persisted in a dormant state.
Figure 4.4 shows that the spectral intensity in the far red range (centred on 730 
nm) was considerably increased as compared to that in the red range (centred on 660 
nm) for the vegetation-filtered light treatment as compared to the full light treatment or 
the shade-cloth treatment. Consequently, it was concluded that the vegetation-filtered 
light treatment successfully produced a change in the red/far red ratio. The shade-cloth 
treatments reduced incident light (photosynthetically active radiation) without a major 
alteration in the red/far red ratio and thus were a relatively neutral filter.
Temperature response experiment
Seeds of E. plantagineum germinated over a wide variety of temperatures at 
both sites, with the highest germination proportion of seeds being in the treatments with 
maximums in the range of 25° to 30°C (Fig 4.5). There was no consistent, or major 
increase in germination response due to alternating temperatures as opposed to constant 
temperatures at either site.
Repeated “rainfall” experiment
There was a marked difference in the response of E. plantagineum seeds to the 
simulated multiple rainfall events between the sites (Fig 4.6). Both sites had about 25 to 
30% germination at the first simulated “rainfall” event. However, at Canberra a further 
20% of the remaining seeds germinated in response to the second “rainfall” event and a 
further 5% of the remaining seeds germinated in response to the third “rainfall” event. 
In contrast, at Evora only a further 2% of the remaining seed germinated in response to
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Jd
df
Canberra 
vr F pr
Evora
vr F pr
Light treatment 4 2.75 ns 0.399 ns
Residual 20
Total 24
* = px0.05, ** =  p<().()l, *** = px().(X) 1, ns = not significant.
Table 4.1 - Summary of ANOVAs for the light regime experiment.
Full light 50% light 10% light Vegetation Dark Full light 50% light 10% light Vegetation Dark
Fig 4.2 - Means and LSD (p<0.05) of the germination proportion of E. plantagineum 
seeds under each of the light treatments at (a) Canberra and (b) Evora.
(a) Canberra
..... Dark
-O ----- 1 0% light
- m ----  50% light
—D----  Vegetation
Full light
Days since initial watering
(b) Evora
2 4  6 8 10
Days since initial watering
Fig 4.3 - Mean germination proportion over time of E. plantagineum seeds under each of 
the light treatments at (a) Canberra and (b) Evora.
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Fig 4.4 - Spectral composition of light under the light regime treatments of full growth 
cabinet lighting, shade-cloth transmitting 10% light and vegetation-filtered light. The 
intensity of incident photosynthetically active radiation (micromoles m- sec-1) is also 
given for each treatment (Licor sensor).
Temperature (day/n ight°C ) Temperature (d ay /n ig h t°C )
Fig 4.5 - Mean germination proportion of E. plantagineum seeds from (a) Canberra and 
(b) Evora under paired stable and alternating temperature regimes.
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Fig 4.6 - Means and standard errors of the percentage of E. plant agineum seeds from 
Canberra and Evora germinating in response to each of the watering events ("rainfall 
events"). The percentage of seeds germinating at each watering event was calculated from 
those seeds remaining ungerminated after the previous watering event, not as a 
percentage of the initial total number of seeds.
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the second “rainfall” event and none of the remaining seeds germinated in response to 
the third “rainfall” event. This experiment indicates that E. plantagineum seeds from 
Evora have a germination strategy ensuring rapid and immediate germination of 
virtually all germinable seeds upon being moistened once.
Soil moisture regimes at both sites
The number of counted "break" events per year for the 30 years of data from 
Canberra and the 10 years of data from Evora, was 2.23 ±0.15 (mean and standard 
error) events per year for Canberra with a maximum of 4 events, and 1.2 ± 0.13 (mean 
and standard error) events per year for Evora with a maximum of 2 events. Figures 4.7 
and 4.8 provide representative examples of the modelled patterns of soil moisture 
fluctuations over three years at Canberra and Evora respectively. The pattern at Evora is 
characterised by an abrupt onset of autumn rainfall after a severe summer drought with 
infrequent returns to dry conditions after the onset of rain. In contrast, at Canberra the 
pattern is very different with frequent summer and autumn rainfall events often 
terminating in pronounced dry periods.
4.1.2.3 - Discussion
The long term fate of seeds in the soil is hard to monitor as an understanding of 
the functioning of the seed bank requires not just a knowledge of the numbers present at 
one time, but also a knowledge of its dynamics: the rates of input and the rates at which 
seeds are lost through germination, predation and senescence (Tenner 1985). The 
experiments conducted in this section attempted to quantify some of the mechanisms by 
which seeds are lost from the seed bank at both sites through germination. There 
appeared to be no major differences in the environmental cues controlling E. 
plantagineum seed germination between the sites. However, the pattern of E. 
plantagineum seed germination over autumn did differ between the sites with most 
seeds germinating in a single massed cohort at Evora and in multiple cohorts at 
Canberra.
Germination of E. plantagineum seeds at both sites appeared to be most strongly 
controlled by temperature and moisture. During autumn, seeds which have lost their 
dormancy and are moistened will germinate if temperatures are suitable, independent of 
the prevailing light or temperature fluctuation conditions. Echium plantagineum seeds 
do not appear to remain dormant in the seed bank due to complex environmental 
sensing mechanisms. The mechanism of seed persistence appears to be a variation 
amongst individual seeds as to the year during which summer temperatures will break 
their innate dormancy coupled with an undiscriminating germination mechanism of 
nondormant seeds. Ballard (1970) also noted the indiscriminate nature of E. 
plantagineum germination and suggested that as the seed coat is permeable to water and 
gases and neither leaching, cold stratification, irradiation with red light, auxin or kinetin
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promote germination, germination of E. plantagineum seed may be controlled through 
the mechanical constriction of the embryo preventing germination. Indeed, removal of 
the seed coat allows almost 100% germination (Ballard 1970). It is possible that the 
after-ripening process in E. plantagineum is controlled through the weakening of the 
seed coat and the relieving of this mechanical constriction of the embryo. In the 
laboratory, with storage at room temperatures, seed has retained viability for 6.5 years; 
its maximum possible longevity in the soil either in Australia or Mediterranean Europe 
is however uncertain (Piggin and Sheppard 1995).
The germination of E. plantagineum over a wide range of temperatures (from 
12° to 40°C) and the relative promotion of E. plantagineum germination by 
temperatures between 20° to 30°C has been recorded previously in Australia (Piggin et 
al. 1973,1976a). These studies however showed conflicting results regarding the role of 
alternating temperatures in promoting E. plantagineum germination. In contrast to this 
study, alternating temperatures of 15°/40°C resulted in an increase in E. plantagineum 
germination over a constant temperature regime (Piggin et al. 1973), but storage of 
seeds under widely fluctuating temperatures in the laboratory did not increase 
germination (Piggin 1976b). Although no studies in Europe have examined the 
temperature and light regime response of E. plantagineum germination, Peco and 
Espigares (1994) found no evidence of induced dormancy by vegetation-filtered light 
amongst 50 other species in a Mediterranean annual pasture in central Spain similar to 
that at Evora.
There were differences between the sites in the staggering of germination, with 
germinable seed at Evora germinating mostly in one massed event, and germinable seed 
at Canberra germinating in multiple cohorts throughout a season. Once the radicle 
breaks the seed coat a seed cannot return to a dormant state and is literally betting its 
life (Angevine and Chabot 1979). Consequently, a plant should be strongly selected to 
germinate at times which give it the best chance for seedling establishment (Cohen 
1966, Venable and Brown 1988). For E. plantagineum seeds from Evora, the 
germination strategy appears to be for all those seeds which are germinable to 
germinate immediately upon being moistened and not wait for further rainfall events. 
This strategy of "going for broke" is likely to be advantageous in an annual pasture 
where many species rely on the breaking of summer drought for their establishment, 
particularly as a return to dry conditions is uncommon. Such a mechanism ensures a 
large burst of germination occurs with the first autumn rains in order to maximise the 
chances of capturing space in the pasture. Similarly, in Californian annual grasslands, 
seed germination of most species is nearly simultaneous and initiated by the first major 
rain in the autumn after the summer drought (Evans et al. 1975). Failure of a species to 
germinate with the first flush of growth imparts a competitive disadvantage that cannot 
be compensated for without a reduction in the density of earlier germinating species 
(Evans et al. 1973). The generality of this strategy is illustrated in a study by Espigares
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and Peco (1995) where re-watering after a simulated autumn drought treatment of soil 
samples from Mediterranean annual pastures in central Spain did not result in a second 
wave of germination.
The limited window of opportunity for establishment at Evora may intensify 
competition amongst the predominantly annual pasture species following the 
concentrated germination period and provide intense selection for one, versus many 
germination cohorts. In south-east Australia, rainfall is less predictable with the 
frequent dry periods following summer and autumn rains re-creating bare ground in the 
pasture, thereby providing subsequent establishment opportunities. Thus, there are more 
frequent, but riskier, opportunities for establishment. As such, selection in E. 
plantagineum in Australia appears to have favoured a strategy of multiple germination 
cohorts.
As neither the dormancy behaviour or the responses of seed to germination cues 
appeared to lead to major differences in the proportion of the E. plantagineum seed 
bank germinating during autumn between the sites, investigation of the reasons for the 
much lower seedling establishment fraction at Evora, as compared to at Canberra, must 
shift to a consideration of the differences between the sites in the availability of safe 
sites for the establishment of germinating seedlings.
4.1.3 - Limitations to the number of safe sites for E. plantagineum establishment
The aim of this section is to investigate the processes which may limit the 
number of safe sites for E. plantagineum seedling establishment, and thus the 
proportion of germinating seeds successfully establishing at both Canberra and Evora. 
The mechanism most likely to be limiting the establishment success of E. plantagineum 
differently between the sites appeared to be, as described below, the competitive 
interactions between E. plantagineum and other pasture species during the 
establishment phase.
In Mediterranean European pastures, such as at Evora, summer drought and 
grazing leave the ground practically bare with almost the entire plant community 
surviving this unfavourable period as seeds in the seed bank. For example, 87% of 99 
species in a Mediterranean grassland in southern Spain were autumn germinating 
annuals (Figueroa and Davy 1991). Germination and the occupation of space in the 
pasture occurs rapidly with the onset of the first autumn rains. For example, in a study 
by Peco and Espigares (1994), 90% of the total germination in a Mediterranean annual 
community occurred within the first 10 days after autumn rainfall. This mass autumn 
germination and the subsequent establishment of seedlings is a critical stage in 
determining the species composition of the grassland community (Heady 1958, 
Maranon and Bartolome 1989, Espigares and Peco 1993, 1995).
There exists a high diversity of species in these pastures, often well over 100 
species, and there is a particularly high proportion of rosette forbs with a morphology
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similar to that of E. plantagineum (Femandez-Ales et al. 1991,1993). Considerable 
overlap in germination niches is thus likely amongst many of these species as most of 
them compete for the limited recruitment opportunity occurring with the onset of 
autumn rains. In addition, the lack of live vegetation and removal of litter by grazing 
decreases much of the environmental heterogeneity associated with the micro­
distributions of stems, leaves and litter (Silvertown 1981), thereby providing little 
opportunity for niche differentiation on the basis of fine scale spatial heterogeneity 
during the recruitment phase (Grubb 1977).
As many more seeds germinate in these annual grasslands during autumn than 
are represented by established individuals in early winter, competition for the shared 
requirement of establishment space is potentially a powerful filter through which 
seedlings must pass. Young et al. (1981) also noted the tremendous oversupply of 
germinable seed in comparison to the maximum density of seedling establishment in 
annual pastures in California. Based on such observations, Bartolome (1979) and Rice 
(1989) both suggested the possible importance in annual pastures in mediterranean 
environments of seedling mortality induced by competition at the seedling stage.
In many agriculturally modified south-east Australian pastures there are also 
large areas of bare ground often present during late summer and autumn due to the 
depletion of the perennial component of the pasture by grazing (Wilson and Simpson 
1994). Thus, there is also considerable space available for annual species to occupy. 
However, such Australian pastures are often species poor as compared to annual 
pastures in the Mediterranean region and are commonly dominated by a few annual 
grasses and to a lesser extent forbs (Moore 1970). Often Trifolium subterraneum and a 
few other exotic species are the only herbaceous annuals in competition with E. 
plantagineum for establishment space during autumn germination (Smyth et al. 1992, 
Sheppard 1996). In addition, autumn rainfall in south-east Australia is less consistent 
with frequent dry periods following significant autumn rains. This can act to re-create 
bare ground in the pasture providing the possibility for more frequent establishment 
opportunities (Groves 1986) and potentially further decreasing the intensity of 
competition for establishment space amongst germinating species.
It was hypothesised that the species-rich annual community present in 
Mediterranean Europe presents significant competition for E. plantagineum for 
establishment space during the limited autumn germination period and leads to low 
rates of E. plantagineum establishment success. In Australian pastures where there often 
exists a much smaller suite of species which compete with E. plantagineum for 
establishment space and multiple germination opportunities, there are likely to be lower 
levels of competition for space, allowing E. plantagineum higher rates of establishment 
success and to dominate the available bare ground (Smyth et al. 1992, Sheppard et al., 
submitted). Thus, the availability of safe sites for establishment would be altered by the 
different intensities of competition for establishment space between Canberra and
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Evora. This hypothesis was tested using a seedling removal experiment. The experiment 
aimed to answer the following two specific questions:
1) Is the establishment success of E. plantagineum reduced by competition with 
other species germinating at the same time?
2) What is the difference in the strength of this competition for establishment 
space between the sites at Canberra and Evora?
To further investigate the limitation of E. plantagineum seedling establishment 
by the availability of safe sites both at Canberra and Evora, an experiment involving the 
artificial addition of seeds to the seed bank and the monitoring of the resultant seedling 
establishment was carried out at both sites. If the addition of seeds to the seed bank 
results in no increase in seedling establishment, it is likely that safe sites for 
establishment are already limiting, whereas if establishment increases with seed 
addition, it is likely that previously unoccupied safe sites exist and that recruitment was 
limited by seed availability (Crawley 1996). If the addition of seeds at one site, for 
example at Canberra, leads to a greater increase in seedling establishment than at 
another site, for example at Evora, it can be concluded that the availability of safe sites 
for seedling establishment is greater at the first site (in this case at Canberra).
Interactions between seedlings of E. plantagineum and established swards of 
vegetation may be important for determining both the establishment success of later 
germinating cohorts of E. plantagineum in Australia and in explaining the decreases in 
seedling establishment fractions and seedling survival rates observed in ungrazed plots 
at Canberra (see section 2.3). Consequently, an additional experiment was carried out at 
Canberra to assess the effects of an established vegetation sward and litter layer on E. 
plantagineum establishment success and to assess the degree to which E. plantagineum 
depends upon bare ground to successfully establish.
4.1.3.1 - Methods
Seedling removal experiment
The most direct way to test the role of co-germinants in limiting the 
establishment success of E. plantagineum, and to determine which group of plants has 
the most significant effect, is to manipulate competition for germination sites by 
removing seedlings of particular groups of plants from an area during germination and 
comparing the establishment success of E. plantagineum across these treatments. This 
was carried out at Evora during the autumn of 1995 and at Canberra during the autumn 
of 1997. At both sites the experiment was carried out in an area of the pasture where a 
medium to high density of E. plantagineum occurred the previous season in order to 
ensure a good supply of germinating seeds. Twenty replicate plots were used per 
treatment to overcome the heterogeneous nature of the seed bank.
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At Evora the following 4 treatments of seedling removal were applied to plots 
20 cm by 40 cm in size during autumn germination by clipping seedlings at ground 
level with a pair of scissors: 1) 50% of non-fs. plantagineum seedlings; 2) 100% of non- 
E. plantagineum seedlings; 3) all legume and grass seedlings; and 4) all rosette species 
seedlings. In Australia, due to differences in pasture composition, the seedling removal 
treatments were: 1) 50% of non-£. plantagineum seedlings; 2) 100% of non-£. 
plantagineum seedlings; 3) all legume seedlings; and 4) all grass seedlings. At each site 
there were also 20 control plots from which no seedlings had been removed. Five of the 
replicates of each of these 5 treatments were randomly arranged in each of 4 blocks. At 
Evora, the clipping of seedlings was continued for 5 to 6 days after the start of seedling 
emergence in response to the first autumn rainfall. In Australia, the clipping of 
seedlings was continued throughout the autumn germination period as there were 
numerous flushes of germination in response to autumn rainfall. The number of E. 
plantagineum seedlings successfully establishing in each of the plots was recorded at 
the end of autumn at each of the sites. A one way ANOVA was used at each site to 
compare the numbers of E. plantagineum seedlings establishing between the treatments. 
Due to a large number of zero values, numbers of seedlings establishing were summed 
and analysed for each treatment at the block level. For Canberra these summed data 
required loge transformation to achieve normality and homogeneity of variance.
Seed addition experiment
Seeds for the seed addition experiment were collected from E. plantagineum 
populations at Canberra during January 1997 and at Evora during July 1995. These 
seeds were stored at room temperatures in the dark before the commencement of the 
experiment. The experiment was carried out in areas of the pastures at Canberra and 
Evora which had been free of E. plantagineum individuals the previous season to 
minimise the problem of background seed germination confounding the experimental 
additions of seeds. The seed addition experiment took the form of a factorial experiment 
in which 3 densities of seeds (40, 80, 120 seeds (2500, 5000, and 7600 seeds m‘2) were 
added to the soil in 12.5 cm by 12.5 cm plots at each of 4 depths (surface sprinkling, 1 
cm, 4 cm and 6 cm deep) giving 12 treatments in total. There were 6 replicate plots for 
each of these treatments, giving 72 plots at Evora, and 5 replicate plots for each of the 
treatments, giving 60 plots at Canberra. At each site the plots were randomly arranged 
throughout the pasture. Seeds were added to the pasture at Evora during September of 
1995 and establishment recorded in January of 1996. At Canberra seeds were added to 
the pasture during January of 1997 and final establishment recorded in June of 1997. 
Seeds were added to the soil by removing a 12.5 cm by 12.5 cm block of soil of the 
required depth, sprinkling the seeds upon the exposed soil and replacing the upper soil 
layer. After the final census of establishment of E. plantagineum seedlings from the 
seed addition plots, plots to which 120 seeds had been added at the depths of 1 cm, 4
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cm and 6 cm were dug up and sieved to recover all of the whole seeds of E. 
plantagineum remaining. This allowed assessment of the number of seeds which had 
germinated, which could then be compared to the number which actually established.
The results for the number of E. plantagineum seedlings establishing in each 
treatment at both sites were analysed using a factorial ANOVA for the treatments of 
seed density and depth of seed burial. Data were loge(count+l) transformed to achieve 
normality and homogeneity of variance. As there was no seedling establishment at 
Evora from the 6 cm depth of burial for any density, this level of seed burial was 
excluded from the analysis at Evora.
Establishment under litter and a vegetation sward experiment
During February of 1997, 8 replicate 20 cm by 20 cm plots of the following 
three treatments were randomly placed in a sward of perennial grasses on a roadside 
near the Canberra field site. No individuals of E. plantagineum were found on the 
roadside and the major species in the sward included Phalaris aquatica, Lolium perenne 
and Cynodon dactylon. The first treatment was a control in which no vegetation was 
removed. The second treatment was a litter treatment in which all live vegetation was 
removed to ground level using a pair of pruning shears, but the litter layer was left as 
undisturbed as possible. This treatment had to be re-pruned occasionally over the course 
of the experiment. The third treatment was a bare soil treatment which involved the 
removal of both all live vegetation and also the litter layer. Two hundred seeds of E. 
plantagineum were added to each plot as close to the level of the ground as possible in 
the vegetation and litter plots, and covered with a thin layer of soil in the bare ground 
plots. The establishment and survival of E. plantagineum seedlings in each of the plots 
was recorded during three surveys during March, April and May of 1997. The effect of 
the treatments on the number of established E. plantagineum seedlings was analysed 
using a one way ANOVA at each of the survey dates. Data were subjected to either a 
logg transformation (the March survey) or a loge(count+l) transformation (the April and 
May surveys) to achieve normality and homogeneity of variance.
4.1.3.2 - Results
Seedling removal experiment
At Evora, higher E. plantagineum seedling establishment was observed in plots 
from which seedlings of co-germinating species had been removed during autumn 
germination. Echium plantagineum seedling establishment was significantly 74% lower 
in control plots (no removal of competitors) versus plots from which all other 
competing species had been removed (Fig 4.9, Table 4.2). Grass and legume seedlings 
appeared to play little role in this suppression, but seedlings of rosette species appeared 
to have some effect.
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Evora
vr F pr
Seedling removal treatments 4 0.429 ns 3.057 *
Residual 15
Total 19
* = px0.05, ** =  pcO.Ol, *** - pxO.OOl, ns = not significant.
Table 4.2 - Summary of ANOVAs for the seedling removal experiment.
w
(a) Canberra
hid
Control Legumes Grasses 50% 100%
Removal treatment
OJ (b) Evora
■ ■III
Control Legumes + Rosettes 50% 100%
Grasses
Removal treatment
Fig 4.9 - Mean number and LSD (p<0.05) of E.plantagineum seedlings establishing in 
each of the seedling removal treatments at (a) Canberra and (b) Evora.
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At Canberra, no significant effect on E. plantagineum establishment success was 
observed with the removal of co-germinating species seedlings during autumn 
germination (Fig 4.9, Table 4.2). These results indicate that at Evora, co-germinating 
species competed significantly with E. plantagineum seedlings for establishment space, 
and thus reduced E. plantagineum establishment success, while at Canberra the 
establishment of E. plantagineum seedlings was uninhibited by co-germinating species.
Seed addition experiment
A summary ANOVA table for the effect of the treatments on the number of 
seedlings establishing at Evora is presented in Table 4.3 and interaction diagrams for 
significantly different treatments in Fig 4.11. The number of seedlings established in the 
seed addition plots at Evora was very low. However, this establishment varied both with 
the density of added seeds and their depth of burial. Increasing the density of added 
seeds led to significantly higher numbers of seedlings establishing per plot. Seedling 
establishment also varied significantly with the depth of seed burial. Virtually no 
establishment was recorded in plots to which seeds had been added on the surface, 
maximal seedling establishment occurred in plots to which seeds had been added at 1 
cm depth, a sharp drop in seedling establishment occurred in plots to which seeds had 
been added at 4 cm and no establishment occurred in plots with seeds added at 6 cm. 
However, upon digging up the seed addition plots at the end of autumn, the percentage 
of seeds which had germinated over the autumn period was between 30 to 40% for all 
depths of added seed (Fig 4.12). This result indicates that the differences observed in 
seedling establishment between the depth of burial treatments were the result of 
differences in the establishment rate, not the germination rate between treatments. Seeds 
in the seed bank germinated in similar proportions at all depths, but seeds at 1 cm depth 
had a greater chance of successful establishment and suffered lower levels of fatal 
germination than seeds at 4 cm, while germination of seeds at 6 cm depth was 
invariably fatal.
A summary ANOVA table for the effect of the treatments on the number of 
seedlings establishing at Canberra is presented in Table 4.3 and an interaction diagram 
for significantly different treatments in Fig 4.10. There were higher densities of E. 
plantagineum seedling establishment amongst the seed addition plots at Canberra as 
compared to those at Evora. Again there was a significant effect of higher seedling 
establishment with increases in the density of added seeds, although this effect was not 
significant at 4 cm depth. This effect also appeared to saturate with the addition of 
greater than 80 seeds per plot. Also, as at Evora, there was a significant effect of the 
depth of seed burial on seedling establishment. However, this relationship differed from 
that at Evora with no differences being observed in seedling establishment between the 
surface, 1 cm depth and 4 cm depth treatments. Only at 6 cm depth was seedling 
establishment dramatically lower, but even at this depth there was some seedling
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Canberra 
vr F pr
Evora
vr F pr
Depth 3 (2 at Evora) 37.47 *** 47.82 ***
Density 2 16.86 *** 7.58 **
Depth.Density 6 (4 at Evora) 4.17 ** 1.39 ns
Residual 48 (45 at Evora)
Total 59 (53 at Evora)
* = pxO.05, ** =  pxO.Ol, *** = pxO.OOl, ns = not significant.
Table 4.3 - Summary of ANOVAs for the seed addition experiment.
Fig 4.10 - The mean number and LSD (p<0.05) of E. plantagineum seedlings 
establishing in both the added seed density and depth of seed burial treatments 
(Depth.Density interaction) at Canberra.
(a) Density
Z  0 .7 -
40  seeds 80 seeds 120 seeds
(b) Depth
Surface
Fig 4.11 - The mean number and LSD (p<0.05) of E. plantagineum seedlings 
establishing in the (a) added seed density and (b) depth of seed burial treatments at Evora. 
There was no establishment in the 6 cm level of the depth treatment.
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m Canberra 
I Evora
100 -i
Depth of burial (cm)
Fig 4.12 - The mean and standard error of the percentage of E. plantagineum seeds 
recovered from each of the burial depths after autumn germination at Canberra and Evora.
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df
March survey 
vr F pr
April survey 
vr F pr
May survey 
vr F pr
Cover treatment 2 0.85 ns 2.171 ns 5.939 **
Residual 21
Total 23
* =  p x 0 .0 5 , ** =  p < 0 .0 1 , *** =  pcO .O O l, ns = no t s ig n if ic a n t.
Table 4.4 - Summary of ANOVAs for the number of E.plantagineum seedlings 
establishing under the litter, vegetation and bare ground treatments at each survey.
a> —
Bare ground
Litter
Vegetation
March
Fig 4.13 - The mean number and LSD (p<0.05) of E. plant agineum seedlings 
establishing under the vegetation sward, litter or bare ground during the surveys of 
March, April and May.
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establishment. The percentage of the seed bank which germinated during autumn was 
between 35 to 45% (Fig 4.12), similar to that at Evora, with again no differences in this 
percentage between the different depths of seed burial. This result indicates that while 
the proportion of added seeds germinating differed little between sites, the proportion of 
seedlings successfully establishing was greater at Canberra.
Establishment under litter and a vegetation sward experiment (Canberra only)
Echium plcintagineum seedlings emerged in similar numbers between the 
different cover treatments during early autumn (March) (Fig 4.13, Table 4.4). However, 
by late autumn (May) the survival of these emerged seedlings differed significantly 
between the cover treatments with significantly lower rates of seedling survival being 
recorded in plots covered by vegetation and litter than in those with bare ground (Fig 
4.13, Table 4.4). These results indicate that while litter and an intact vegetation sward 
do not decrease the germination of E. plantagineum seeds, the subsequent survival of 
seedlings under such conditions is low; hence high levels of seedling survival and 
establishment depend on the presence of bare ground.
4.1.3.3 - Discussion
Competition amongst seedlings for establishment space
The ability of a species to persist and prosper in a community is often 
determined by its competitive interactions with other species (Miller and Werner 1987). 
Perhaps the most important stage of the life cycle during which the competitive success 
of an individual is determined is the seed-to-seedling phase (Epp and Aarssen 1988). 
The meagre resources possessed by a seedling result in establishment being the period 
of the life cycle during which plants are most vulnerable (Fenner 1985). Differences 
between the sites in Australia and Mediterranean Europe in competitive success during 
the seed-to-seedling stage were apparent for populations of E. plantagineum. The 
presence of co-germinating species at Evora decreased the establishment success of 
seedlings of E. plantagineum by up to four times. However, at Canberra the presence of 
co-germinating seedlings had no effect on the establishment success of E. 
plantagineum. The magnitude of this difference between the two sites in the effect of 
competition for establishment space on seedling mortality is of sufficient magnitude to 
explain much of the observed differences in seedling establishment fractions between 
Canberra and Evora. This result confirms the hypothesis that the pasture community at 
Evora presents significant competition for E. plantagineum for establishment space 
during germination in autumn, thereby reducing the availability of safe sites for 
establishment and leading to low rates of E. plantagineum establishment success. In the 
pasture at Canberra on the other hand, there are lower levels of competition for
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establishment space, thus higher numbers of safe sites and ultimately higher rates of E. 
plantcigineum establishment success.
Bartolome (1979), Young et al. (1981) and Begon and Mortimer (1986) 
suggested that an important mechanism of competition between plants may be pre­
emptive competition for the regeneration niche, ie. competition amongst seedlings to 
become established in a vacant part of the environment. Fenner (1985) similarly 
suggested that competition from neighbouring plants, including contemporary 
individuals, is probably the greatest hazard faced by colonising seedlings. These 
suggestions are supported in the instance of E. plantcigineum in the annual pasture at 
Evora. Few other studies have investigated the role of competition between 
contemporaneous seedlings for establishment sites. Seedlings of Artemesia tridentata, 
however, had lower survival in dense stands than in sparse stands in semi-arid 
American rangeland (Owens and Norton 1989) and density-dependent germination 
responses have been reported for seeds of desert annuals (Inouye 1980). For a 
Mediterranean annual pasture community similar to that at Evora, Peco and Espigares 
(1994) found density-dependent mortality amongst seedlings of some pasture species 
during autumn germination, but found that this mortality was very low. However, they 
stated that their experiment was carried out under very favourable moisture conditions 
in a phytotron and that competition may have been stronger under field conditions due 
to, for example, higher water stress and higher seedling densities. In contrast, 
neighbouring seedlings were often associated with higher seedling survival in the grass 
Bouteloua rigidiseta in American short-grass steppe, although this may have been 
confounded with the presence of greater seedling densities in more favourable sites 
(Fowler 1988). Further seedling addition trials for Bouteloua rigidiseta in the same 
environment, which increased the density of germinating seedlings, revealed evidence 
of weak competition amongst seedlings (Fowler 1995). Rabinowitz and Rapp (1985) 
however, found no evidence of density-dependent mortality amongst seedlings 
recruiting into gaps in American prairies. Similarly, Rees et al. (1996) demonstrated 
only weak inter-specific competition within a four species guild of sand dune winter 
annuals. However, in contrast to the community at Evora, much of the ground in the 
sand dune system studied by Rees et al. is bare and the plants are very small so that the 
potential for interaction would be more limited than at Evora where high densities of 
larger plants compete for establishment space during a limited recruitment period.
Mechanisms of seedling competition
The experiment adding seeds of E. plantagineum to the seed bank at differing 
densities and at differing depths provides some suggestions as to the mechanisms of 
competition occurring amongst seedlings at Evora, and also how this competition may 
be less intense at Canberra. This experiment showed that at Evora it was those seeds 
which were very near the surface of the soil (1 cm deep) which had the greatest chance
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of successful seedling establishment. While seeds at all depths germinated in response 
to autumn rainfall, seeds close to the surface would emerge first, while seeds lower in 
the soil profile would take longer to reach the soil surface and would be at a major 
competitive disadvantage in the effort to obtain above-ground space. The value of pre­
emption of space by early emergence and establishment has been shown in a number of 
experiments (Ross and Harper 1972, Weaver and Cavers 1979, Zimmerman and Weis 
1984, McConnnaughay and Bazzaz 1992) with all showing that decreased size and 
higher probabilities of death occur in later emerging individuals. At Evora it appears 
that competition for establishment space amongst seedlings occurs through the 
formation of a dense cover by those seeds germinating near the soil surface during the 
mass autumn germination. These individuals pre-empt space and quickly suppress the 
establishment of later emerging individuals whose seeds were buried deeper in the soil 
profile, probably by changing light conditions at the soil surface (Rees and Long 1992). 
At Canberra, seeds from lower in the soil profile were able to successfully establish 
suggesting that the pre-emption of empty space at Canberra proceeds more slowly, and 
seeds which emerge later from deeper in the soil profile still have a good chance of 
emerging in an as yet unoccupied site. Thus, the pasture community at Canberra creates 
less intense competition for establishment space by virtue of a slower occupation of 
bare ground.
Is E. plantagineum establishment site or seed limited?
The lack of seedling establishment for the treatment adding seeds to the soil 
surface at Evora is probably attributable to the removal of these exposed seeds by seed 
harvesting ants (see section 4.2). Forrester (1992) added seeds of E. plantagineum to a 
Mediterranean annual pasture and measured no increase in seedling establishment, 
concluding that E. plantagineum was establishment site rather than seed limited. 
However, these seeds were added to the soil surface and it is probable that they were 
largely removed by ants. In contrast in this study, the addition of increasing densities of 
seeds to the seed bank, once buried beneath the soil surface, resulted in significant 
increases in the density of establishing seedlings of E. plantagineum at both Evora and 
Canberra. Thus E. plantagineum populations are site limited at both Canberra and 
Evora, as only a proportion of germinating seeds establish as seedlings, with this 
proportion being lower at Evora than at Canberra due to greater competition for 
establishment space. They are, however, also seed limited as the addition of seeds to the 
seed bank at both sites resulted in increases in seedling establishment. If establishment 
sites are characterised as space for which seedlings of numerous species must compete, 
a combination of seed and safe site limitation can occur, due to the effect of the relative 
density of competitors on the local density of safe sites, with no strict separation 
possible between the forms of recruitment limitation (Eriksson and Ehrlen 1992).
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The seed addition experiment also provides confirmation of the previous results 
showing that the germination of seeds of E. plantagineum does not depend on 
environmental cues, such as alternating temperature, to sense their depth of burial. 
Germination depends only on moisture and suitable temperatures. Seeds exposed to 
adequate conditions germinate, and only those which find themselves in a site suitable 
for establishment survive. Those which emerge under earlier established individuals 
generally do not survive and seeds germinating deep in the soil profile do not emerge at 
all. These results agree with those of Piggin (1976b) whose glasshouse and field studies 
showed that the emergence of E. plantagineum is reduced as sowing depth is increased 
from 1.3 to 2.5 cm and that seedlings do not emerge from 7.6 cm. Such indiscriminate 
germination, with the subsequent mortality of deeply buried seeds, has also been shown 
for the sand dune grass Agropyron psammophilum, where seeds buried at depths 
between 12 cm and 0 cm showed germination rates between 90 to 100%, but emergence 
rates near 90% between 0 cm to 2 cm depth, 80% at 4 cm depth, 20% at 6 cm depth and 
0% deeper than this (Zhang and Maun 1990).
A model of seedling establishment in the pastures at Canberra and Evora
The above results allow the suggestion of a conceptual model describing the 
dynamics of seedling establishment in the pastures at Canberra and Evora. This model 
casts light on how the differences between the vegetation communities at the two sites 
may result in different intensities of competition for establishment space. In 
Mediterranean Europe, E. plantagineum is associated with up to 100 or more species, 
most of which are autumn germinating winter annuals (Fernandez-Ales et al. 1993, 
Lavorel et al., in press (a)). As discussed previously, considerable overlap in 
germination niches is likely amongst many of these species as they compete for a 
limited recruitment opportunity during autumn in an environment providing little 
opportunity for recruitment niche differentiation. Thus, it appears that there are fewer 
ecological “solutions” to the problem of recruitment than there are species and many 
species in the pasture will be competing for the shared requirement of establishment 
space.
To successfully compete for establishment space in the pasture at Evora a seed 
of E. plantagineum, and probably of most other germinating species, needs to be near 
the soil surface. There exists a strong random element in which species seed is most 
favourably placed at any given site in the pasture, primarily due to the probabilistic 
nature of seed dispersal (Fagerstrom 1988). Other studies have shown that further 
stochasticity in the identity of a species likely to be successful at any one establishment 
site can be introduced even by factors such as the orientation of a species seed to the 
soil surface (Sheldon 1974) and the spatial pattern and configuration of competing 
species (Silvertown et al 1992). Such chance events can lead to different competitive 
outcomes resulting from the same input of seeds and are intrinsic to communities of
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sessile organisms where there is competition for space (Sale 1977). Rice (1989) has 
argued for the existence of such competitive indeterminacy in Californian annual 
grasslands due to this importance of random factors in the early seedling environment 
on competitive success. Similarly, McConnaughay and Bazzaz (1990) found a complex 
pattern of both positive and negative interactions amongst seedlings colonising gaps in 
perennial vegetation with no consistent hierarchy of suppression amongst them. Thus a 
form of lottery (Sale 1977, Chesson and Warner 1981) for establishment sites exists 
amongst the species, where the identity of the species to occupy any one particular site 
is dependant on random factors that are intrinsic to the system. In this case the tickets in 
the lottery are seeds as part of a soil seed bank. Which species develop to established 
plants, and therefore which species come to occupy any particular site in the pasture, 
depends on a strong random element with the successful seedling generally retaining its 
patch and excluding later emerging seedlings.
The above model assumes that space is allocated to juvenile organisms by 
chance processes and thus the density of any particular species successfully gaining 
space depends on the proportional representation of that species in the total community 
seed bank. Such lottery recruitment has been identified as operating in annual 
dominated old fields in southern France where the above ground vegetation was shown 
statistically to be a random draw from the seed bank (Lavorel and Lebreton 1992). 
Consequently, the probability of successful establishment by each species depends on 
the frequency of its propagules in the system (weighted lottery sensu Chesson and 
Warner 1981). This mechanism suggests that where seeds of E. plantagineum make up 
a large proportion of the seeds in the total community seed bank of autumn germinating 
species, as is probably the case in low diversity pastures in Australia, chance 
recruitment processes will result in a greater number of safe sites being occupied by 
seedlings of E. plantagineum than in a pasture where its seeds make up a smaller 
proportion of the autumn germinating seed bank, such as in species-rich Mediterranean 
European pastures.
The above conceptual model is necessarily a simplification of reality. In 
particular there is likely to be bias in the lottery between species for establishment sites 
as larger seeded species often have a competitive advantage over smaller seeded species 
in competition for establishment space (Rees 1995). Species with different seedling 
morphologies are also likely to exhibit differences in their ability to compete for space 
(Epp and Aarssen 1988). However, the model is useful as it focuses attention on the 
potentially highly important mechanisms by which the indeterminacy of competition for 
space might result in greater intensities of competition in the species-rich community at 
Evora as compared to the species-poor community at Canberra.
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Establishment of E. plantagineum under litter and vegetation swards
While the major form of competition encountered by individuals of E. 
plantagineum at Evora is competition for space during autumn in an otherwise largely 
unoccupied pasture, in Australia significant components of perennial vegetation can be 
present, particularly in lightly grazed pastures (Doing 1972). Seedling emergence can 
be severely limited in an intact sward and under such conditions many species require 
gaps to become successfully established (Goldberg and Werner 1983, McConnaughay 
and Bazzaz 1991, Bullock et al. 1995). Plant litter also has been found to sometimes 
negatively influence the germination, establishment and survival of annual species 
(Fowler 1988, Bergelson 1990). Consequently, the invasibility of a perennial pasture is 
determined to a large extent by the opposing processes which create or close gaps, such 
as grazing and plant growth rates (Panetta and Wardle 1992).
For E. plantagineum neither an intact vegetation sward nor plant litter decreased 
the germination of seeds of E. plantagineum, but the subsequent survival of these 
seedlings was very low in these treatments as compared to survival on bare ground. 
Similarly, in a study of the effect of vegetation cover on the emergence of seedlings of 
old-field species there was a significant positive response by Echium vulgare 
emergence, a species closely related to E. plantagineum and with a similar seed size, to 
the removal of ground covering vegetation (Reader 1993). The low survival rates of E. 
plantagineum amongst plant litter or intact vegetation correspond to the lowering of E. 
plantagineum seedling survival rates observed in the main field experiment in ungrazed 
plots, particularly at Canberra. These results suggest that one possible way of reducing 
the rates of E. plantagineum seedling establishment in Australia may be through the 
maintenance of a significant perennial, or even litter cover in grazed pastures. Indeed, E. 
plantagineum frequency is generally lower in the predominantly perennial pastures of 
Tasmania than in the more annual pastures of south-east and south-west Australia 
(Friend 1991).
Other factors limiting the seedling establishment fraction
Other possible mechanisms for the lower seedling establishment fractions at 
Evora compared to Canberra concern the presence of seedling predators or pathogens. 
For example, invertebrate herbivores such as slugs have been shown to decrease the 
number of seedlings appearing from the seed bank for a number of grassland species 
(Hanley et al. 1995, Clear Hill and Silvertown 1997). It is also well known that as seeds 
begin to germinate they become more susceptible to pathogens (Burdon and Shattock 
1980). The potentially greater role of seedling predators or pathogens in limiting the 
establishment of germinating seeds at Evora as opposed to Canberra was not addressed 
in this project. Considerable research on the natural enemies of E. plantagineum in its 
native range carried out by CSIRO as part of the biological control program has not 
noted the presence of any specific seedling predators or pathogens (Wapshere 1985).
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Nevertheless, additional experiments altering the presence of seedling predators and 
pathogens at both sites using insecticides and fungicides would be required to determine 
if more E. plantagineum seedlings died due to such factors at Evora than at Canberra.
4.2 - Limitation of the E. plantagineum seed bank incorporation rate (Si) between 
the sites
Field observations indicated that the harvesting of E. plantagineum seeds by ants 
of the genus Messor at Evora may be an important factor in the greater loss of seeds 
between seed production and the seed bank there, than at Canberra. Seed predators, 
such as ants, can strongly influence the population dynamics of a species by depleting 
its seed bank considerably and thus restricting opportunities for recruitment (Andrew 
1986b). High densities of seed-harvesting ants at Evora were observed to create large 
seed dumps around their nests, often several centimetres in depth, containing 
considerable quantities of E. plantagineum seed. The genus Messor has also been 
recorded as having a major proportion of its diet consisting of seeds (Brown et al. 
1979). The large quantities of fragmented seeds found in the seed dumps, suggested that 
not only were E. plantagineum seeds gathered and concentrated near ant nests, but that 
some predation also occurs. Seed-harvesting of this magnitude was not observed at 
Canberra. An experiment was carried out to compare the intensity of seed-harvesting by 
ants at both Canberra and Evora by determining the rates at which seeds of E. 
plantagineum were removed from their location on the soil surface.
4.2.1 - Methods
During early summer (June 1996 at Evora and December 1997 at Canberra), a 
period during which natural seed fall of E. plantagineum was occurring, the following 
two treatments were imposed in 12 cm by 12 cm plots at each field site. Forty seeds of 
E. plantagineum were added to the soil surface in each of the plots with the first 
treatment being a 3 cm wide tangle-foot (a sticky persistent liquid) barrier placed 
around the boundary of the plot to exclude ants, and the second treatment being a 
control with no barrier. At Evora tangle-foot was not available but an aerosol glue of a 
similar nature to tangle-foot was used (soveurade aerosol - glu special, Societe de 
Produits Chimiques, SOVILO, Reims, France). There were 8 replicate plots at Canberra 
and 10 replicate plots at Evora of each of the two treatments placed randomly 
throughout the pastures. The rate of loss of seeds from each of the plots was recorded 
for a total of 5 days. No significant rainfall events occurred at either site during these 
periods and thus seeds were not disturbed by uncontrolled physical events. At each site 
a one way ANOVA was used to compare the proportional losses of seed from the 
control plots after 5 days, assumed to be due to seed predators, compared to the 
proportion of seed losses from the protected plots after 5 days, assumed to be free of 
seed predators. These proportional data were logit transformed prior to analysis.
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df
Canberra 
vr F pr
Evora
vr F pr
± Seed predators 1 3.269 ns 141.65 * *
Residual 14 (18 at Evora)
Total
* —  rw-'O ck ** —  r ^ n  m  ***
15 (19 at Evora)
* -  p<0.05, * *  = pxO.Ol, * * *  = pxO.OOl, ns = not significant.
Table 4.5 - Summary o f AN O VA tables for the seed removal experiment.
(a) Canberra
5 - i -
Ants not present Ants present
(b) Evora
Ants not present Ants present
Fig 4.14 - Mean log it transformed proportion and LSD (p<0.05) o f E. plantagineum 
seeds removed from  plots either exposed to, or protected from  seed predators at (a) 
Canberra and (b) Evora. Back transformed values, expressed as the percentage o f seeds 
removed, are presented in the text.
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4.2.2 - Results
At Evora, removal rates of E. plantagineum seeds from the plots available to 
seed predators such as ants (69% removed) were significantly higher than that from 
plots from which seed predators had been excluded (17% removed) (Fig 4.14, Table 
4.5). In contrast, at Canberra there was no significant difference between the rates of 
seed removal between protected and unprotected plots (13% versus 15% removed 
respectively). It appears that E. plantagineum seed removal by seed predators is of a 
considerably greater magnitude at Evora than at Canberra.
4.2.3 - Discussion
The results of the seed removal experiment show that the removal rates of seeds 
of E. plantagineum by seed predators is greater at Evora than that at Canberra. 
However, if this difference between the sites plays any role in the lower seed bank 
incorporation rates at Evora as compared to Canberra will depend on whether a large 
proportion of the seeds removed by predators at Evora are consumed and destroyed, or 
simply moved around the pasture. Indeed, the germination and establishment of some 
species can be advantaged by the movement of seeds by ants to favourable safe sites 
(Rissing 1986, Dean and Yeaton 1993). While high densities of E. plantagineum 
rosettes are often found near harvester ant mounds (Sheppard et al., submitted), the 
presence of many seed fragments and the known status of the genus Messor as a seed 
consumer suggest that the consumption of removed seeds may be considerable. Definite 
conclusions regarding the significance of higher rates of post-dispersal seed predation at 
Evora as opposed to those at Canberra in creating the lower seed bank incorporation 
rates at Evora will require experiments investigating the fate of seeds after their removal 
by seed predators.
In general in Australia, seed-harvesting by ants is prominent in all major natural 
habitat types and occurs throughout the continent (Andersen 1991). High rates of seed 
predation have also been recorded previously from Australian agricultural environments 
(Leslie 1965, Campbell 1966). Consequently, the generality of the low rates of E. 
plantagineum seed removal by ants at Canberra is unclear, and they may be in fact 
generally higher in Australia than this study suggests.
4.3 - Conclusions
Differences in the seedling establishment fraction (G) between the sites appeared 
to result largely from differences in the intensity of competition for establishment space 
imposed by the different plant communities. Higher intensities of competition for 
establishment space at Evora limited the number of safe sites for establishment, and 
resulted in greater mortality of germinating E. plantagineum seedlings than at Canberra. 
In Australia, it appears that E. plantagineum has been largely released from the strong 
competitive forces operating within its native community during germination and
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establishment, allowing it to achieve greater seedling establishment rates and ultimately 
greater population growth rates and densities. This situation is an example of where an 
invasive species has not only been freed from its natural enemies but, more importantly, 
from the competitors in its native range.
Seed-harvesting ants, which have been shown to remove greater quantities of E. 
plantagineum seed from the soil surface at Evora as compared to Canberra, are likely to 
be partly responsible for the lower rates of seed bank incorporation (Si) at Evora. 
However, the final fates of these harvested seeds nor the generality of this difference 
between pastures in Australia and Mediterranean Europe have been determined.
It appears that at Evora the occupation of establishment space during the limited 
autumn recruitment period occurs via a competitive lottery for establishment sites 
amongst a high diversity of annual species, many of which are similar to E. 
plantagineum. This mechanism is hypothesised to reduce E. plantagineum 
establishment success at Evora more so than in the low diversity pasture at Canberra. 
Why the intensity of competition for establishment space differs between the two 
communities is addressed in greater detail in the following chapters. Firstly, chapter 5 
explores the differences between the vegetation communities at Canberra and Evora in 
terms of species composition and diversity. Chapter 6 then investigates whether it is 
differences in the identity or number of species between the two sites which is the most 
important in determining the differences in the strength of competition for 
establishment space between them.
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Chapter 5 - The comparative species richness and composition of the 
pasture communities at Canberra and Evora
5.1 - Introduction
A greater intensity of competition for establishment space in the pasture 
community at Evora than that at Canberra has been identified as an important factor in 
limiting the seedling establishment of E. plantagineum. To understand why these two 
communities impose different intensities of competition for establishment space, it is 
firstly necessary to determine how they differ in their structure. Accordingly, the aim of 
this chapter is to characterise the differences between the two communities in their 
composition, in terms of the relative contribution of various pre-defined species types to 
the total community biomass, and their species richness, in terms of the total number of 
species and the relative number of species in each of the pre-defined species types. The 
dynamics of bare ground availability was also characterised at both sites as this was 
hypothesised to play a potentially important role in creating differences in the intensity 
of competition for establishment space between the two pasture communities.
5.2 - Methods
Surveys of the pasture communities were carried out during spring (May) 1996 
at Evora, the second year after the imposition of the grazing and fertilisation treatments, 
and during spring (November) 1997 at Canberra, the third year after the imposition of 
the treatments. Such spring surveys would detect the biomass of most species at their 
maximum. Vegetation diversity was recorded in terms of species presence/absence in 
eight randomly distributed 50 cm by 50 cm quadrats in each plot of the main field 
experiment. Species presence was defined as the occurrence of living shoot material 
within the quadrat, regardless of where it was rooted. At the same dates, live above 
ground biomass was also sampled in another eight randomly distributed 12.5 cm by 
12.5 cm quadrats per plot at Evora, and six such quadrats at Canberra. Biomass was 
sorted manually to the following seven a priori species types, determined in a deductive 
manner {sensu Gitay and Noble 1997) based on similarities in species morphology and 
physiology:
- “Annual grasses”: annual grasses and sedges.
- “Perennial grasses”: perennial grasses.
- “Small rosettes”: species with a rosette of basal leaves, at least in the juvenile 
stage, and a height of less than 30 cm; included in particular numerous Asteraceae.
- “Large rosettes”: species as above but taller than 30 cm; included in particular 
several Asteraceae and Brassicaceae.
- “Small herbs with leafy stems”: species with leaves distributed all along the 
stems and a height of less than 15 cm; included in particular several Caryophyllaceae.
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- “Large herbs with leafy stems”: species as above but taller than 15 cm; 
included in particular several Geraniaceae.
- “Legumes”: leafy species as well, but were separated in relation to their 
capacity to fix atmospheric nitrogen; included in particular several species per genus of 
Trifolium, Medicago and Ornithopus.
The live biomass for each group in each sample was weighed after 24 hours of drying in 
a 60°C oven.
At Canberra, due to the low numbers of both rosettes and leafy herbs, the large 
and the small categories of these species types were combined. For each species type, 
its proportion of total biomass was calculated at the plot level due to the many quadrats 
with zero values. The effects of grazing on the proportions of total biomass of the 
different groups (logit transformed) were analysed at each site using Student’s t-tests 
comparing mean values of grazed and ungrazed plots. Overall species richness and the 
percentage of total richness made up by each of the pre-defined species types were 
tabulated and compared for grazed and ungrazed plots at both sites.
Fluctuations in the availability of bare ground were surveyed monthly from 
January until September 1997 at Canberra and from October until November 1996 at 
Evora. These periods covered the time prior to and immediately after autumn rainfall 
and pasture germination, and at Canberra also covered winter and early spring. The 
percentage cover of bare ground was estimated during each survey in 20 randomly 
placed 25 cm by 25 cm quadrats in both grazed and ungrazed, unfertilised plots using a 
5 cm by 5 cm grid. Bare ground was defined as that area potentially available for 
seedling recruitment and was thus considered as those areas of ground either clear of 
litter, or with a litter layer no thicker than 1 cm.
5.3 - Results
The fertilisation treatment had negligible effects on species composition at both 
sites. Hence, results are presented only with respect to the effects of grazing at each of 
the sites.
5.3.1 - Species composition (Fig 5.1 and Table 5.1) and richness (Fig 5.2 and Table 5.2) 
at Evora
The grazed pasture at Evora was dominated by annual forbs (small and large 
rosettes, leafy herbs and legumes) in terms of species diversity as well as biomass. A 
total of 55 forbs, of which only 2 perennials {Rumex acetosella, R. pulcher), and 16 
grasses, with only one perennial (Melica minuta), were recorded in the quadrats (Table 
5.2). Rosettes accounted for 30 to 40% of both species richness and biomass. Grasses 
represented less than a third of species richness and from 20% of biomass in grazed 
plots to up to half of the biomass in ungrazed plots. Legumes accounted for 20% of
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(a) Grazed (b) Ungrazed
26 %
Annual grasses 
Large rosettes 
Small rosettes 
Large leafy 
Small leafy 
Legumes
2 % 4%
Fig 5.1 - The proportion o f total live biomass during May 1996 of each o f the a p r io r i species groups for (a) grazed and (b) 
ungrazed plots at Evora. Perennial grasses (<1%) arc included w ith annual grasses.
Species Group Proportion o f biomass 
t-test value Significance level
Increase
Annual grasses 2.68 ** Ungrazed
Large rosettes 1.03 ns -
Small rosettes 0.66 ns -
Large leafy 2.49 * Ungrazed
Small leafy 0.02 ns -
Legumes 4.65 * * * Grazed
* = p<0.05, ** = p<0.01, *** = P<0.001
Table 5.1 - Analyses o f changes in the proportions o f total live biomass o f 
the different aprio ri species groups in response to grazing at Evora.
(a) Grazed (b) Ungrazed
1 5%
■  Annual grasses 
Large rosettes 
@ Small rosettes 
E3 Large leafy 
E3 Small leafy 
□  Legumes
2 7 %
Fig 5.2 - The proportion o f total species richness during May 1996 o f each o f the a p rio r i species groups for (a) grazed and (b) 
ungrazed plots at Evora. Perennial grasses (<1%) arc included w ith annual grasses.
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Annual grasses 16
Agrostis pourretii 
Avenabarbata 
Briza maxima 
Bromus diandrus 
Bromus liordeaceus 
Gaudiniafrag His 
Hordeum murinum 
Juncus capitatus 
Juncus bufonius 
Lolium multiflorum 
Melicaminuta *
Molineriella laevis 
Poa annua
Taeniatherumcaput-medusae
Vulpiageniculata
Vulpia myuros
Large rosettes 6
Anthemis mbcta 
Chrysanthemum segetum 
Echium plantagineum 
Papaver rlioeas 
Raphanus raphanistrum 
Sinapis arvensis
Sm all rosettes 14
Andryala integrifolia 
Carlina racemosa 
Crepis capillar is 
Crepis virens 
Galactites tomentosa 
Hedypnois cretica 
Hypochaeris glabra 
Leontodon taraxacoides 
Plantago coronopus 
Plantago lagopus 
Senecio vulgaris 
Sonchus asper 
Sonchus oleraceus 
Tolpisbarbata
Large leafy herbs
Erodium botrys 
Erodium moschatum 
Geranium dissectum 
Rumex acetosella*
Rumex angiocarpus 
Rumex pulcher *
Small leafy herbs 18
Anagallis arvensis 
Aphanes microcar pa 
Campanula pat u la 
Cerastium glomeratum 
Fit maria (flicinalis 
Linar iaspartea 
Lythrum h xssopifolia 
Muscari comosum 
Parentucellia viscosa 
Polycar pan tetraph xllum 
Ranunculus parviflorus 
Sedum spp.
Sherardia arvensis 
Silene gallica 
Spergula arvensis 
Spergularia rubra 
Stachys arvensis 
Veronica arvensis
Legum es 11
Lotus castellanus 
Lotus parviflorus 
Medicago polymorpha 
Ornithopus compressus 
Ornithopus pinnatus 
Trifolium campestre 
Trifolium glomeratum 
Trifolium hybridum 
Trifolium striatum 
Trifolium tomentosum 
Vicea lutea
* = Perennial.6
Total number of species = 71
Table 5.2 - Tabulated total species richness and richness per a priori species group for'the pasture 
community at Evora.
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species richness, with biomass ranging from 4% in ungrazed plots to 31% in grazed 
plots. Other herbs with leafy stems represented an average of 20% of species richness, 
but only 10% of biomass.
The absence of grazing resulted in significant increases in the biomass 
representation by annual grasses (Table 5.1). Similarly, large herbs with leafy stems 
significantly increased their proportion of total biomass in ungrazed, as compared to 
grazed plots. In contrast, the proportion of total biomass represented by legumes 
significantly increased in grazed, as compared to ungrazed plots.
5.3.2 - Species composition (Fig 5.3 and Table 5.3) and richness (Fig 5.4 and Table 5.4) 
at Canberra
Overall species richness at Canberra was lower than at Evora with a total of 16 
forbs, with 6 perennials (Hypochaeris radicata, Modiola caroliniana, R. acetosella, 
Solanum cinereum, Polygonum aviculare and Geranium dissectum), and 10 grasses, 
with 3 perennials, recorded in the quadrats (Table 5.4). There were a considerably lower 
number of species in each of the identified species groupings at Canberra as compared 
to Evora except for perennial grasses, of which there were three at Canberra and only 
one at Evora (Table 5.4).
In contrast to that at Evora, the grazed pasture at Canberra was dominated by 
annual grasses both in terms of species diversity and biomass. Annual grasses 
represented 65% of the biomass and 44% of the species richness in grazed plots and 
77% of the biomass and 61% of species richness in ungrazed plots. Non-legume forbs 
(rosettes and leafy herbs) represented only 16% of the biomass, but almost 50% of the 
species richness in grazed plots, but only 8% of the biomass and 40% of the species 
richness in ungrazed plots. Legumes represented 19% of the biomass in grazed plots, 
reducing to 9% in ungrazed plots.
As at Evora, the absence of grazing resulted in significant increases in the 
biomass representation by annual grasses (Table 5.3). Similarly, the proportion of 
species richness and total biomass represented by legumes significantly increased in 
grazed, as compared to ungrazed plots. However, in contrast to Evora, the absence of 
grazing at Canberra led to significant increases in the biomass representation by 
perennial grasses.
5.3.3 - Differences in bare ground dynamics between Canberra and Evora (Fig 5.5)
At Evora the proportion of bare ground in grazed plots decreased rapidly from 
near 100% prior to autumn rainfall to below 10% a month thereafter. Although no 
surveys were carried out after November, observations suggested that large areas of 
bare ground do not again become available at Evora in grazed plots until pasture 
senescence in late spring/early summer. In the ungrazed plots the proportion of bare
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(a) Grazed (b) Ungrazed
2%
1 4 %
6 %
I  Annual grasses 
E3 Perennial grasses 
El Rosettes 
E3 Leafy 
□  Legumes
77 %
9 %
1 %
Fig 5.3 - The proportion of total live biomass during November 1997 of each of the a priori species groups for (a) grazed and (b) 
ungrazed plots at Canberra.
Species Group Proportion of biomass 
l-test value Significance level
Increase
Annual grasses 2.91 sic Ungrazed
Perennial grasses 3 . 3 6 ** Ungrazed
Rosettes 2.89 * Grazed
Leafy 0.27 ns -
Legumes 2.15 * Grazed
* = p<0.05, ** = p<0.01, *** = P<0.001
Table 5.3 - Analyses of changes in the proportions of total live biomass of 
the different apriori species groups in response to grazing at Canberra.
Fig 5.4 - The proportion of total species richness during November 1997 of each of the a priori species groups for (a) grazed and 
(b) ungrazed plots at Canberra.
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Annual grasses 7
Avenafatua 
Bromus diandrus 
Bromus mollis 
Eragrostis minor 
Hordeum leporinum 
Lolium rigidum 
Vulpia myuros
Perennial grasses 3
Cynodon dactylon *
Lolium perenne *
Phalarisaquatica *
R osettes 5
Crepis capillar is 
Echium plantagineum 
Hypochaeris radicata *
Onopordum acanthi um 
Verhascum thapsus **
Leafy herbs 9
Chenopodium pumilio 
Geranium dissectum *
Hirschfeldia incana 
Modiolacaroliniana *
Oxalis corniculata 
Polygonum aviculare *
Rumex acetocella *
Solanum cinereum *
Xanthium spinosum
L egum es 2
Trifolium glomeratum 
Trifolium suhterraneum
* = Perennial 
** = Biennial
Total number of species = 26
Table 5.4 - Tabulated total species richness and richness per a priori species group for the 
pasture community at Canberra.
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(b)  Evora
100  - |
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Fig 5.5 - The percentage of bare ground in grazed and ungrazed plots during (a) summer, autumn 
and winter at Canberra, and (b) autumn at Evora (means and standard errors).
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ground was around 15% prior to autumn rainfall, decreasing to well below 10% after 
autumn rainfall. The lower levels of bare ground in these plots were due to the build-up 
of thick litter layers from the previous season’s vegetation which were not disturbed or 
removed by grazers.
At Canberra the proportion of bare ground in ungrazed plots fluctuated between 
80 and 60% during the period of January until April due to rainfall events being 
followed by subsequent dry periods. It was only after April, once consistent rains began, 
that the proportion of bare ground in the pasture decreased over a period of 4 months 
from 80% to below 20%. In ungrazed plots the proportion of bare ground was around 
15% prior to any rainfall and fluctuated between 0 and 10% from February until 
September. As at Evora, the low levels of bare ground in these plots were due to the 
build-up of thick litter layers from the previous season’s vegetation which were not 
disturbed or removed by grazers.
5.4 - Discussion
5.4.1 - Differences between the sites in species richness and composition
The distribution of biomass and species richness of seven a priori determined 
species types was compared between grazed and ungrazed pastures at both Canberra 
and Evora. The grassland communities at Canberra and Evora were clearly very 
different with higher overall species richness at Evora (71 species) as compared to 
Canberra (26 species) being evident. The species richness within each of the species 
types was also higher at Evora than at Canberra, except for perennial grasses of which 
there was both greater biomass representation and numbers of species at Canberra than 
at Evora. Compositional differences also existed between the sites with the main 
difference being the higher component of annual forbs, particularly of a rosette 
morphology, at Evora (30 to 43% of total biomass) than Canberra (7 to 14% of total 
biomass). A corollary to this was the greater perennial and tall annual grass component 
at Canberra (65 to 83% of total biomass) than Evora (22 to 56% of total biomass).
Other studies have identified previously that medium sized annual forbs 
comprise the most species-rich and dominant component of moderately grazed 
Mediterranean European pastures (Noy-Meir et al. 1989) and that rosettes become 
dominant in response to grazing in annual pastures in southern Spain (Fernandez-Ales 
et al. 1993). In contrast, results from the pasture at Canberra were similar to those of a 
survey of improved pastures in the western district of Victoria, Australia, where pasture 
biomass comprised of 12% legumes, 15% sown grasses, 58% volunteer annual grasses 
and 15% broad-leaf weeds (Quigley et al. 1993). The general dominance by annual 
grasses of improved pastures in the temperate zone of Australia has been noted by 
Wilson and Simpson (1994).
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The vegetation at both sites responded in a similar manner to the grazing 
treatments, with annual grasses (and in addition perennial grasses at Canberra) 
increasing in proportion of biomass and species richness in the absence of grazing. In 
contrast, the proportion of biomass and species richness of legumes and other groups of 
forbs such as rosettes (at Canberra) increased in the presence of grazing. Grazing has 
been previously shown to favour small statured species, such as legumes and rosettes, 
and to exclude tall species such as grasses in Mediterranean European annual grasslands 
(Noy-Meir et al. 1989, Femandez-Ales et al. 1993). A postulated mechanism for this 
effect is that grazing removes competitive tall grasses and litter, thereby increasing light 
penetration at the soil surface and allowing for the establishment of smaller statured 
species (Noy-Meir et al. 1989). Support for the inhibitory effects of annual grasses 
comes from a comparative study of Spanish and Californian annual grasslands where 
mean species diversity was found to be lower in Californian than in Spanish annual 
grasslands. Mean species diversity was negatively correlated with the cover of annual 
grasses, that tended to be greater in California than in Spain (Leiva et al. 1997).
Fluctuations in the availability of bare ground during and after autumn 
germination were also very different between the sites. At Evora bare ground decreased 
rapidly with the onset of autumn rainfall with no significant subsequent reappearance of 
bare ground until the next summer. This contrasts with the situation at Canberra where 
the availability of bare ground fluctuated significantly in response to rainfall patterns 
with significant areas of bare ground being available until well into winter. These 
results further support the conclusions of chapter 4 (see section 4.1.3.3) that competition 
for establishment space at Evora is intensified by being concentrated during a brief 
window of opportunity for recruitment in response to the first autumn rainfall. At 
Canberra, competition for space may be less intense due to a slower occupation of bare 
ground and the re-opening of bare ground for possible recruitment in response to dry 
periods after initial summer or autumn rains.
5.4.2 - The evolution of Australian and Mediterranean European pasture communities
Prior to European settlement, the dominant native grasses in the natural 
grasslands and grassy woodlands of temperate Australia were perennial, summer 
growing caespitose (tussock) grasses (Beadle 1981). These communities evolved under 
conditions of aboriginal burning regimes, relatively low soil fertility and of relatively 
low levels of grazing by marsupial herbivores, the details of which are largely 
unrecorded (Moore 1970, McIntyre et al. 1995). Grazing by sheep, cattle, horses and 
rabbits introduced during the 19th century rapidly altered the original herbaceous 
stratum in most regions and led to a pronounced and rapid shift from dominance by the 
summer growing native caespitose grasses, which tended to disappear, to communities 
dominated by a small suite of alien annual grasses and forbs active in winter (Moore 
1970, Kruger et al. 1989, Kemp and Michalk 1994).
120
Comparisons across mediterranean climate regions of the world have suggested 
that the evolutionary history of natural disturbances, such as fire and grazing, and the 
long and short term histories of human impacts play a key role in the susceptibility of a 
region to invasion by exotics (Di Castri 1989). It has been argued that grazing by the 
native Australian fauna had minimal impacts on the original Australian grasslands 
during the last several thousand years due to a lack of large, hooved, congregating 
herbivores and the limitation of the population density of native herbivores by water 
availability, which limited grazing pressure during critical drought periods (Moore 
1970, Specht 1972, Mack 1989). The introduction of grazing by domestic stock with 
continual high densities of grazing animals, due to fencing and the provision of 
permanent water supplies, the elimination of aboriginal burning regimes, severe soil 
disturbance and nutrient enrichment through fertilisation, markedly increased the 
amount of novel disturbances experienced by Australian grassland communities. In 
particular, grazing by hooved animals is a highly complex disturbance which has 
favoured exotic invasions in new world grasslands, such as in Australia, from where it 
has been largely absent during evolutionary history (McIntyre and Lavorel 1994). The 
low number of native species adapted to these recent agricultural disturbances, and the 
lack of time for selection of populations able to compete with the newcomers 
originating from communities adapted to such agricultural practices, appears to be 
responsible for the vulnerability of Australian grasslands to invasion upon the 
introduction of European grazing patterns and European species over the past 200 years 
(Guillerm 1991).
Subsequent to the changes resulting from the introduction of European grazing 
regimes, many temperate Australian pastures have been further subjected to intense 
management with the deliberate introduction of numerous alien pasture grasses, the 
widespread application of superphosphate and the accumulation of soil nitrogen through 
the introduction of Trifolium and Medicago species (Mack 1989). Williams (1985) 
views the temperate grasslands of south-eastern Australia as not yet in a steady state, 
but certain to experience other consequences from plant invasions.
In contrast, agriculture and animal husbandry has been practised in the 
Mediterranean Basin from as long as 10000 years ago and the vegetation is now 
predominantly human modified (Naveh and Kutiel 1990). Typically Mediterranean 
European grasslands are species rich with the winter annual life history dominating and 
are known for their limited response to disturbance and for their high resilience (speed 
of post-disturbance recovery) (Dell et al. 1986). Mediterranean European annuals may 
have evolved from perennials under the disturbance pressures of human intervention 
and summer drought (Pignatti 1978), selective pressures which have restricted the 
composition of such Mediterranean grasslands to those species tolerant of the common 
disturbances (Naveh and Whittaker 1979). Man has partly co-evolved with these 
ecosystems and co-evolutionary features are present in a number of ecological
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characteristics in species from these regions (Di Castri 1989). Consequently, 
Mediterranean European plants, such as annual species of Avena and Hordeum, were 
often pre-adapted to colonise and become naturalised on the disturbed sites associated 
with new settlements of Europeans in new world regions such as Australia (Groves 
1986). Mack (1989) has noted that the same selective forces that have predisposed 
grasslands in the Mediterranean Basin to be highly resilient and resistant to invasions 
have also produced many of the most aggressive plant invaders in the new world upon 
European settlement and the introduction of the grazing regimes to which they are 
largely pre-adapted.
5.4.3 - Implications of differences in species richness and composition for the seedling 
establishment of E. plantagineum
The compositional differences identified between the vegetation communities 
may create greater intensities of competition for establishment space at Evora if those 
species dominant at Evora, such as rosette annual forbs, are particularly strong 
competitors for space during establishment. Similarly, the higher species richness at 
Evora may play a role in increasing the intensity of competition experienced by E. 
plantagineum seedlings there during establishment as the diversity of a community has 
been hypothesised as being potentially important in determining its susceptibility to 
invasion, presumably through altering the strength of community interactions such as 
competition (Burke and Grime 1996, Palmer and Maurer 1997, Tilman 1997). How the 
differences in both species composition and richness between the two field sites 
influence the strength of competition for establishment space experienced by E. 
plantagineum is investigated experimentally in Chapter 6.
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Chapter 6 - The roles of species richness and composition in 
determining the success of E. plantagineum seedling establishment
6.1 - Introduction
Chapter 4 showed that the greater success of E. plantagineum seedling 
establishment in grazed pasture at Canberra, as compared to Evora, was largely due to 
lower intensities of competition for establishment space at Canberra during autumn 
germination. In Chapter 5, the main differences in vegetation composition identified 
between the sites were a higher representation of annual forbs, particularly rosettes, and 
a lower representation of annual and perennial grasses at Evora than at Canberra. 
Species richness was also considerably higher at Evora than at Canberra both overall, 
and within most of the identified species groupings. These observations lead to the 
hypothesis that it is the differences between the vegetation of Australian and 
Mediterranean European pastures which alters the intensity of competition for 
establishment space experienced by E. plantagineum during autumn germination. 
Consequently, the aim of this chapter is to investigate the relative importance of the 
differences in community composition and richness in creating the greater intensities of 
competition for establishment space experienced by E. plantagineum at Evora.
6.2.1 - The effect of differences between sites in community composition on 
competition for establishment space
Compositional differences between two communities may create differences in 
the intensity of competition for establishment space if species, or types of species, 
which are strong competitors for space during autumn pasture establishment occur in 
higher abundances in one community than in the other. Indeed, it has been proposed 
that plant species form competitive hierarchies and that a species position within this 
hierarchy largely determines its relative abundance (Keddy and Shipley 1989). 
Compositional differences between Canberra and Evora may thus result in E. 
plantagineum being higher in the competitive hierarchy at Canberra than at Evora. Such 
hierarchies can be maintained by the relative competitive abilities amongst species or 
species specific processes such as selective grazing (Harper 1969) or host specific 
parasites or pathogens (Chilvers and Brittain 1972) stabilising species mixtures. 
However, removal experiments in old field and grassland communities suggest that 
such specific interference relationships between species are few (Pinder 1975, Allen and 
Forman 1976, Fowler 1981) and that more or less diffuse competition between all of the 
plant species in a community is probably a common situation (Silvertown 1982). 
Furthermore, many studies document competitive reversals in mixtures or changes in 
the balance between species in a community when the environment changes (Van der 
Marel 1981, Rice and Menke 1985, Herben and Krahulec 1990). In particular, temporal 
differences in germination and emergence due to differences in species response to the
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environment among members of annual grassland communities may be important in 
promoting competitive indeterminacy, as opposed to hierarchical outcomes, in such 
communities (Rice 1989).
Whether through a hierarchical mechanism or through less deterministic 
processes, the relative abundance of species strongly competitive for space during 
establishment versus less competitive species has the potential to alter the intensity of 
competition for establishment space experienced by E. plantagineum. Consequently, the 
aim of this section is to determine which of the species types found in the pastures at 
Canberra and Evora have the greatest effect in limiting the seedling establishment of E. 
plantagineum. Comparisons of the relative abundance of such species types between the 
pastures at Canberra and Evora can then suggest the relative importance of the 
compositional differences between the sites in creating the higher intensities of 
competition for establishment space at Evora.
6.2.2 - Methods
A pot experiment in which seeds of E. plantagineum were germinated with 
seeds of 6 other common pasture species was set up in order to test the relative ability 
of different species types to suppress the establishment success of E. plantagineum. The 
6 species were chosen, on the basis of their high germinability, as examples of the 
following four a priori species groupings (the mean seed weight of a sample of 50 seeds 
of each species is also given):
Rosette forbs - Crepis capillaris (0.043 g), Anthemis mixta (0.011 g) 
Annual grasses - Avena barbata (0.191 g), Vulpia myuros (0.018 g) 
Legumes - Trifolium glomeratum (0.023 g)
Leafy forbs - Spergularia rubra (0.004 g)
Each of these 6 species was sown in pots at either low or high density together 
with a constant number of 50 seeds of E. plantagineum. The two density treatments 
were imposed by sowing either the number of seeds of the co-germinating species so as 
to achieve the same number of emergents as E. plantagineum (low density), or 
sufficient seeds of each co-germinant to achieve four times the density of emergents 
than E. plantagineum (high density). The percentage germination both of E. 
plantagineum seeds and each of the 6 co-germinant species was quantified prior to the 
start of the experiment to enable these proportions to be determined.
The E. plantagineum seeds were either buried at the same depth as the seeds of 
the co-germinant species, or buried deeper than the co-germinant species (shallow or 
deep burial). This treatment altering the depth of burial of the E. plantagineum seeds 
was designed to test the suppressive effects of the 6 species on E. plantagineum 
establishment when there was no advantage in emergence time to either species 
(shallow burial), or with an advantage of earlier emergence for the co-germinating 
species (deep burial of E. plantagineum seeds). The two depth treatments were imposed
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by either evenly mixing the E. plantagineum seeds with those of the co-germinating 
species within the top 2.5 cm of soil in each pot (shallow burial) or sowing the E. 
plantagineum seeds at 3 cm depth while mixing the seeds of the co-germinant evenly in 
the top 2.5 cm of the soil in each pot (deep burial). There were 5 replicate pots of each 
of the species by density by depth of burial treatments (24 combinations overall). The 
experiment was carried out using 12 cm deep, 8 cm by 8 cm pots filled with a 50:50 
mixture of sand and soil. Pots were randomly placed in a glasshouse which maintained 
temperatures between 25° and 30°C during the day and between 15° and 20°C during the 
night and were watered once every two days.
The percentage projected cover of each of the 6 co-germinant species was 
measured visually, using a 1 cm by 1 cm grid, for the high density, deep burial of E. 
plantagineum seed treatment at intervals of 9, 16 and 25 days from the start of the 
experiment. These measures were converted to a rate of increase in percent cover per 
day over the 25 days of the experiment for each of the 6 co-germinant species. The 
experiment was continued until no further emergences of E. plantagineum seedlings had 
been observed for 7 days. The final number of successfully establishing seedlings of E. 
plantagineum was counted in each pot. The dependent variable of E. plantagineum 
establishment success was analysed using an fully crossed factorial ANOVA with the 
explanatory variables of co-germinant species, density of co-germinant (low or high) 
and depth of burial of E. plantagineum (shallow or deep). No transformation of the data 
was required as the seedling count data were approximately normal.
6.2.3 - Results
The effect of the identity of species co-germinating with E. plantagineum was 
significant in decreasing E. plantagineum establishment success only in interaction with 
the density of co-germinants (Table 6.1). This interaction arose as it was only the rosette 
forb species, C. capillaris, which created a significantly greater decrease in the 
establishment success of E. plantagineum at the high sowing density (Fig 6.1). None of 
the other co-germinants had a significant effect on E. plantagineum establishment with 
an increase from low to high sowing densities. Burial of E. plantagineum seeds more 
deeply than those of the co-germinant species led to a significant decrease in the 
establishment success of E. plantagineum seedlings (Table 6.1, Fig 6.1). However, this 
effect was similar amongst all of the co-germinant species as there was no significant 
interaction between species and depth.
A trend existed between the percent increase in cover per day of each of the 6 
co-germinant species and the mean final number of E. plantagineum seedlings 
establishing in the pots for which cover was measured (y=-0.76x+l 1.3, p=0.07, r2=0.51) 
(Fig 6.2). This result suggests that those species which have a fast rate of cover 
increase, and consequently occupy bare ground quickly, may be those species most 
effective at suppressing the seedling establishment of E. plantagineum.
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Fig 6.1 - Mean number and LSD (p<0.05) of E. plantagineum seedlings establishing 
when germinating (a) together with high or low densities of 6 other species, and (b), 
either in the shallow or deep burial sowing treatments.
df vr F pr
Species 5 0.92 ns
Density 1 4.98 *
Depth 1 92.89 ***
Species.Density 5 2.93 *
Species.Depth 5 0.28 ns
Density .Depth 1 0.29 ns
Species.Density.Depth 5 1.54 ns
Residual 96
Total 119
* = p<0.05, ** = pxO.Ol, *** = PcO.OOl, ns = not significant.
Table 6.1 - Summary ANOVA table for the experiment germinating E. plantagineum 
seeds sown at two different depths together with high or low densities of 6 other species.
•  Sperguiaria
•  Vulpia
•  Trifolium
•  Avena
Percentage increase in cover per day
Fig 6.2 - Relationship between the percent increase in cover per day of each of the 6 co- 
germinant species and the mean number of E. plantagineum seedlings establishing. The 
fitted line represents the regression y = -0.76.V + 11.3, p = 0.07, r- = 0.51.
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6.2.4 - Discussion
Considerable recent emphasis has been placed on developing pasture 
management systems which reduce herbicide use (Morgan 1992). One such approach 
which has been advocated for weed management is to select crop or forage species 
which may exert interference effects against weed species (Wardle et al. 1995). 
Consequently, information as to the role of pasture composition in limiting E. 
plantagineum establishment may have considerable importance in developing 
management strategies to limit the dominance of E. plantagineum in Australian 
pastures.
As with the field seedling removal trials (section 4.1.3.2), a rosette forb (C. 
capillaris) exerted the highest degree of suppressive effect on E. plantagineum 
establishment success. This species belongs to the same morphological group of species 
as E. plantagineum and suggests that competition for establishment space might be 
more active within than across morphological groups. More importantly, the 
predominance of rosette forbs within the pasture community at Evora, as compared to 
that at Canberra, may partly explain the strongly suppressive effect of this pasture on E. 
plantagineum establishment. The principle competitors for establishment space in 
Australian pastures are the legume Trifolium subterraneum (Piggin 1978) and various 
annual grasses. The pot experiment indicated that these species types may be poor 
competitors for establishment space, partly explaining the lack of a strong suppressive 
effect on E. plantagineum establishment in Australian pastures. Pasture species 
composition has been previously shown to be an important factor in the inhibition of the 
seedlings of other weed species such as Ulex europae (Poppay et al. 1990), Silybum 
marianum (Michael 1968) and Hieracium pilosella (Scott et al. 1990).
In a recent study of the role of pasture species composition in inhibiting the 
seedling establishment of a thistle species (Carduus nutans) it was found, in contrast to 
this study, that thistle seedling emergence was generally least in swards dominated by 
perennial grasses and greatest in pastures consisting of broad-leaf species including 
legumes and rosettes (Wardle et al. 1995). However, this study considered the 
establishment of thistle seedlings in pre-existing vegetation swards, not the competition 
between seedlings to establish on bare ground. Groves (1986) has also stated that, in 
general, a rosette weed is less competitive than one growing more erect because the 
former can be shaded during the winter months. Thus, while rosette species may the 
stronger competitor at the establishment stage, they may be at a competitive 
disadvantage to grasses post-establishment and during the winter months due to 
shading. That different mechanisms of competition are likely to operate at different life 
stages emphasises the need for detailed demographic studies in order to understand 
factors limiting weed population dynamics throughout their life cycle.
Plant attributes such as plant biomass, height, canopy diameter and shape, 
relative growth rate and leaf shape have been shown to be important in determining the
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relative competitive ability of plant species (Epp and Aarssen 1988, Gaudet and Keddy 
1988). Seed weight, or the storage of seed reserves, has been shown to particularly 
influence the ability of a plant to compete during the early stages of growth. Where 
plants of seeds of varying weights have been grown in competition with each other, 
plants originating from heavier seeds have generally out-competed those having lighter 
seeds (Epp and Aarssen 1988). Indeed, in the present study the most suppressive species 
(Crepis, Trifolium, Avena (Fig 6.2)) were those with the heaviest seeds. However, C. 
capillaris was not the species most suppressive of E. plantagineum seedling 
establishment simply because of having the greatest seed size as the grass species A. 
barbata had considerably larger seeds, but was considerably less suppressive. Similarly, 
in the experiment conducted in section 6.3.1 in which three species of similar seed size 
were germinated together with E. plantagineum, rosettes were again the most 
suppressive species type. These results suggest that the high ability to compete for 
establishment space, and thereby reduce E. plantagineum establishment success, of 
species with a rosette morphology is due to effects over and above that of seed size. An 
attribute associated with an ability to compete for establishment space in this study was 
the rate at which a species was able to occupy bare ground during the recruitment phase, 
although this growth rate is often strongly related to seed size (Maranon and Grubb 
1993). The strongly suppressive effect of rosette species on E. plantagineum may be 
largely due to their high rates of cover extension, a trait which has led to the term "gap 
grabbers" to be applied to these species (Newsome and Noble 1986). However, not all 
rosette species are similarly suppressive as no suppressive effect on E. plantagineum 
establishment was caused by the rosette species A. mixta. The highly dissected leaves of 
this species, and possibly the smaller seed size, result in a much slower occupation of 
bare ground as compared to C. capillaris, perhaps explaining the lower suppressive 
ability of A. mixta as compared to C. capillaris.
A shortcoming of the present experiment is that simple pairwise competition 
experiments cannot account for the indirect species interactions occurring in the multi­
species context, thus often giving overly simplistic and deterministic conclusions. It has 
been observed that pairwise competitive interactions can become neutral or positive in 
the multi-species context (Stone and Roberts 1991). The next section considers not only 
how the differences in species composition between the pastures at Evora and Canberra 
may influence competition for establishment space, but considers how the differences in 
diversity between the sites might act by investigating how multi-species interactions 
may influence competition for space.
6.3.1 - The effect of differences between sites in pasture community diversity on 
competition for establishment space
It has been hypothesised that the species or functional group diversity of a 
community may contribute importantly to various aspects of community functioning
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such as the long term stability of productivity (Tilman 1996), resilience to disturbance 
(Stone et al. 1996) and resistance to invasion by species external to the system (Palmer 
and Maurer 1997, Tilman 1997). Community diversity is hypothesised to influence 
invasibility because areas that are more species rich are assumed to have a more 
complete or efficient use of limiting resources, thereby creating lower availabilities of 
limiting resources for novel species and thus being less invasible (Robinson et al. 
1995). This hypothesis is based around the concept of niche saturation (Macarthur and 
Levins 1967, Case 1991, Pimm 1991). Evidence for the possible saturation of niches 
with increasing diversity has been presented by Tilman et al. (1996) who showed 
greater plant cover and lower levels of extractable soil nitrogen in plots with higher 
species diversity. Some mathematical models also indicate that resistance to an 
invading species can build as resident species accumulate (Turelli 1981) and in model 
ecosystems, higher species numbers which increase the strength of biotic interactions 
tend to make invasion more difficult (Law and Morton 1996).
However, a contrary hypothesis is that “diversity begets diversity” (Palmer and 
Maurer 1997). It is possible that each plant species affects the environment differently, 
thus causing small scale environmental heterogeneity and spatial unpredictability. This 
heterogeneity and unpredictability, in turn, creates opportunities for seedlings of new 
plant species with different environmental preferences to establish. The generality of 
either the niche saturation or “diversity begets diversity” hypotheses is currently unclear 
as empirical studies have shown both negative (Tilman 1997) and positive (Palmer and 
Maurer 1997) correlations between the number of resident species and the number of 
invading species.
In the case of species competing to occupy space during establishment it is 
probable that in a diverse community more species will overlap in their germination 
requirements. Thus the number of species competing for establishment space at the 
same time would increase with the amount of space being occupied by each species 
type possibly being decreased by the presence of others. The aim of this section is to 
investigate how the diversity of functional types of co-germinating species affects E. 
plantagineum establishment success and thus how the differences in diversity between 
the pastures at Canberra and Evora may regulate the success of E. plantagineum 
recruitment.
6.3.2 - Methods
In order to test the hypothesis that E. plantagineum recruitment may be 
regulated by the diversity of the surrounding community, a pot experiment was set up. 
One species was selected to represent each of the three most common functional types 
in the pastures (rosette forbs - Onopordum acanthium, legumes - Trifolium 
subterraneum, grasses - Avena fatua). A constant density of 50 seeds of E. 
plantagineum per pot (10 cm diameter pots) was sown along with each species
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separately, using three density levels (50, 100 and 200 seeds per pot). Finally, a three 
species mixture of the co-germinants was sown using 1/3, 1/3, 1/3 mixes up to densities 
of 50, 100 and 200 seeds per pot. These mixtures allowed a test for the effect of 
functional diversity while controlling for density effects. All treatments were replicated 
in 5 pots. An additional 5 controls were sown with just 50 E. plantagineum seeds per 
pot. Pots were placed in a glasshouse and watered every two days. Measures of the 
number of E. plantagineum establishing in each pot were taken until no more 
emergences were recorded. Final numbers of emerged E. plantagineum seedlings per 
pot as a proportion of the number of sown seedlings were analysed using a linear model 
with a logit transformation and three explanatory variables. The first explanatory 
variable represented co-germinant diversity (none, one functional group, three 
functional groups), the second explanatory variable represented co-germinant identity 
(rosette / legume / grass) and the third explanatory variable represented the three density 
levels (50, 100 and 200 seeds per pot). Analyses were carried out using GLIM 3.77 
(Payne 1986) and the best model selected using Akaike's criterion (1973).
6.3.3 - Results
The pot experiment showed that the strength of the competitive effect on E. 
plantagineum during establishment was primarily a function of the density of co- 
germinants as well as of their identity (Fig 6.3). Increasing the diversity of functional 
types did not increase the suppressive effect on E. plantagineum establishment more so 
than monocultures of each of the functional types at the same densities. Rosettes 
showed the highest level of suppressive effect, as in the previous single species trials, 
with legumes and grasses showing lesser effects. The suppressive effect increased with 
increasing density of co-germinants.
Overall, the best statistical model of E. plantagineum establishment was 
obtained with co-germinant density as the single explanatory factor (Table 6.2). A 
further analysis was carried out to determine if the effects of co-germinant density on E. 
plantagineum establishment success varied with the identity of the co-germinants 
(Table 6.3). The model including density of co-germinating rosette species had the best 
Akaike criterion (1973) showing that the rosette functional group was the only group 
significant in decreasing E. plantagineum seedling establishment with increasing 
density. In contrast, a significantly positive effect on E. plantagineum seedling 
establishment was found for the grass functional group (always higher E. plantagineum 
establishment than for the other co-germinants at all density levels) while no significant 
effect on E. plantagineum establishment was found for the legume functional group.
6.3.4 - Discussion
Establishment patterns of E. plantagineum in the mixtures with varying 
numbers, densities and identities of co-germinants showed no evidence that increasing
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Control Rosette forbs Grasses Legumes M ixture
Echium Onopordum Avena Trifolium Onopordum
plantagineum acanthium fatua subterraneum Avena
Trifolium
Fig 6.3 - Seedling establishment of E.plantagineum in mixtures with different functional 
types sown at three different densities (mean and 95% Cl).
Variable df Deviance
(X 2 )
pr
Co-germinant density 2 “1 2 6 .9 ***
Co-germinant diversity 1 3 . 3 4 ns
Co-germinant density .diversity 3 1 0 .9 5 *
* =  p< 0 .05 , ** =  p< 0 .01 , *** — PcO.OOl, ns = not significant.
Table 6.2 - Summary of the analyses of the effect of the variables of co-germinant density 
and diversity on E. plant agineum establishment.
Variable df Deviance
(X2)
Pr
Density.Rosettes 1 25.87 ***
Density.Grasses 1 11.20 ***
Density.Legumes 1 2.61 ns
* =  p< 0 .05 , ** = p<0.01 , *** = PcO.OOl, ns =  no t s ign ifican t.
Table 6.3 - Summary of the analyses of the effect of each of the co-germinant functional 
types with increasing density on E. plantagineum establishment.
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functional diversity increased the competitive effect. Indeed, mixtures of the three 
species showed no greater decrease in E. plantagineum establishment than 
monocultures of each of the three at the same densities. Onopordum acanthium was the 
only species which caused a significant decrease in the establishment of E. 
plantagineum over and above density effects. This species belongs to the same 
morphological group as E. plantagineum, rosette forbs. This result supports the 
previous suggestions (section 6.2.4) that competition during recruitment might be more 
active within morphological groups than across them, and that the predominance of 
rosette forming species in the Portuguese pasture may partly explain the strongly 
suppressive effect of this pasture on E. plantagineum establishment.
The important role played by rosette species in decreasing the establishment 
success of E. plantagineum may be an example of where local dominance by one or a 
few species is significant in reducing the invasibility of a community. Similarly, 
Robinson et al. (1995) showed that the presence of the single species, Bromus diandrus, 
was of far greater importance than the species diversity in determining the degree of 
invasion into experimental plant communities by California Poppy (Eschscholzia 
californica). In an experiment by Symstad et al. (1998), in which single species were 
deleted from experimental communities, average productivity declined as species 
richness declined. However, the magnitude of change in productivity with declining 
diversity was a function of the identity of the deleted species and the composition of the 
community from which it was deleted. Huston (1997) suggested that such effects of 
increasing or decreasing diversity on the functioning of communities are mostly due to 
the increasing or decreasing probabilities of the presence of highly productive or 
competitive species in a community. These examples illustrate that the effects of 
lowered diversity on ecosystem function is not just a matter of total numbers, but can 
critically depend on the identity of those species missing.
While no direct effects of increasing functional diversity on E. plantagineum 
seedling establishment were observed, high densities of co-germinants of any of the 
tested species resulted in decreases in E. plantagineum establishment. This suggests that 
the higher species richness present in the Mediterranean pasture at Evora, as compared 
to that at Canberra, may have indirect effects through the supply of higher seedling 
densities at the onset of germination (eg. Ortega et al. 1997), thereby decreasing the 
success of E. plantagineum establishment. Consequently, the suppressive effect on E. 
plantagineum establishment of the pasture at Evora may not only be due to the high 
abundance of competitive rosette species there, but possibly also to the high overall 
species richness of the pasture supplying high densities of germinants during autumn 
recruitment.
The standard environmental conditions of this pot experiment are, however, of 
debatable relevance to the field situation as environmental variability is an essential 
element of community dynamics. Such standard conditions may exclude many of the
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processes which may be producing variability in competitive outcomes in a natural 
community (Herben and Krahulec 1990). The next section considers how the role of 
species diversity differences between the pastures at Canberra and Evora may influence 
competition for establishment space in the context of a varying environment.
6.4 - The effect of interactions between community diversity and climatic 
variability on competition for establishment space
Monitoring of permanent plots has revealed inter-annual fluctuations in the 
floristic composition of Mediterranean annual pastures (Peco et al. 1983, Peco 1989, 
Espigares and Peco 1993). Many studies have illustrated the importance of the timing 
and quantity of autumn rainfall in creating these compositional differences through the 
differential effects of climate amongst species on the patterns and success of 
germination (Duncan and Woodmansee 1975, Pitt and Heady 1978, Figueroa and Davy 
1991). More explicitly, Espigares and Peco (1993) have shown that amongst the species 
found in Mediterranean annual pastures in central Spain there exist differences in 
germination patterns, both in germination success and the time profile of germination, 
in response to temperature. Slightly different timings of the arrival of autumn rainfall 
produced differential delays in species germination and provided advantages to 
differing response groups of species in occupying space. The combination of 
differences in germination timing, ie. the differential favourability of the environment 
for different species at different times, and the random establishment of species 
equivalent in germination timing through lottery establishment (sensu Sale 1977) is one 
of the major mechanisms maintaining the species diversity of Mediterranean old fields 
(Lavorel 1991). Differences between species in the effects of environmental variation 
on establishment, survival and reproduction are important components of current 
theories of species coexistence (Lavorel and Chesson 1995). The theory of “competitive 
lottery” of species coexistence (Chesson and Huntly 1989) requires that species are 
differentially favoured by both environmental conditions and low density and that some 
trait of their biology (eg. seed dormancy) allows them to store demographic benefits 
obtained under favourable conditions to outweigh the losses during unfavourable 
conditions; a mechanism termed the storage effect (Chesson 1983).
The higher species diversity of the pasture at Evora may interact with climatic 
variability to maintain consistently high levels of competition for space across years by 
maintaining consistently high germination densities in the face of annual climatic 
variation. A greater diversity of species within an annual grassland increases the chance 
that a wide variety of species germination requirements will be present, resulting in 
multiple species germinating over the whole range of potential timings of autumn 
rainfall. Therefore, it is likely that in a diverse pasture, competitors will be effective 
over a greater range of environmental conditions and any individual species, such as E. 
plantagineum, will be subjected to a competitive effect from the grassland community
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over the whole range of possible climate variation. In a species poor pasture, such as at 
Canberra, it is likely that fewer species will be favoured over the range of possible 
climate variation. An individual species, such as E. plantagineum, may thus at times not 
be subjected to a strong competitive effect if there are climatic conditions for which few 
other species are favoured and it is sometimes able to germinate and establish largely in 
the absence of seedlings of other species.
Such a mechanism may explain why species composition in species poor annual 
pastures in Australia often exhibit enormous fluctuations across seasons. For example, 
if rain comes early in autumn then weeds such as capeweed (Arctotheca calendula) or 
E. plantagineum may dominate the annual pasture, whereas if rain begins later in 
autumn or in early winter other weeds such as annual grasses or slender thistles 
(iCarduus pycnocephalus or C. tenuiflorus) may dominate (Groves 1986). The 
hypothesis that there exists a greater buffering role of the species rich community at 
Evora in limiting E. plantagineum seedling establishment than in the species poor 
community at Canberra is worthy of future investigation. An instructive experiment 
may be the artificial watering of areas of pasture at Canberra and Evora both early and 
late in autumn. Observations of whether E. plantagineum seedling establishment 
remains suppressed by other species across the watering treatments more so at Evora 
than at Canberra would indicate if the higher diversity pasture provides a more 
consistent buffering of E. plantagineum recruitment success, and thus abundance, 
through the maintenance of competition for establishment space across the range of 
climatic variability. This hypothesis is an example of how biodiversity may stabilise 
community and ecosystem processes, such as the invasibility of a community, by the 
compensatory increases of some species over others depending on the relative 
favourability of conditions (Tilman 1996).
6.5 - Conclusions
The greater intensity of competition for establishment space experienced by 
seedlings of E. plantagineum at Evora, compared to Canberra, is probably due to the 
higher abundance of competitive rosette forb species at Evora. Differences in species 
richness between the sites may also act to increase the competitive effect on E. 
plantagineum seedlings at the richer Portuguese site through the supply of greater 
densities of competitor seedlings during autumn germination and the maintenance of 
these competitor seedling densities across the range of climatic variation. Thus both the 
differences in pasture species composition and richness between the sites may lead to 
higher intensities of competition for space being experienced by E. plantagineum at 
Evora. These results indicate that resident species identity is important, as well as 
resident species diversity, in assessing the invasibility of a community. This has critical 
implications for issues of weed management through the manipulation of pasture 
composition and diversity.
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Chapter 7 - The comparative performance of E. plantagineum 
individuals from Canberra and Evora
7.1 - Introduction
It has been frequently observed that in a new environment an alien plant is more 
vigorous and produces more seeds than in its native distribution (Crawley 1987). This 
observation has most often been attributed to releases from natural phytophagous 
enemies or pathogens found in the native range (Crawley 1987). It has also been 
hypothesised that in the absence of such natural enemies, selection will favour 
genotypes with a reduced resource allocation to activities such as herbivore defence 
allowing, over a longer term, the re-allocation of resources to increasing vegetative 
growth or reproduction (Blossey and Notzold 1995). Such changes to the genotype of 
an invasive plant could also lead to increases in the competitive success of the species 
in the new environment. This hypothesis predicts that under identical growing 
conditions, individuals of a species taken from an area to which they have been 
introduced will produce more biomass than individuals taken from the species’ native 
range (Blossey and Notzold 1995).
No major difference was found in this study between the seed production in the 
field of E. plantagineum individuals from Canberra and Evora. Nevertheless, to 
determine if the comparative study between E. plantagineum populations at Canberra 
and Evora was confounded with differences in plant performance between the regions, 
it is necessary to compare the comparative performance of plants from both sites under 
standard conditions.
To test the hypothesis that the performance of E. plantagineum individuals from 
Canberra was greater than that at Evora, due to genotypic changes in the allocation of 
resources, a pot experiment was carried out growing plants from both sites together 
under identical conditions and assessing the performance of these plants through 
measurements of their size. The experiment was carried out at two different nutrient 
regimes to determine if any growth differences between plants were maintained under 
different environmental conditions.
7.2 - Methods
The experiment consisted of two fully crossed treatments, firstly provenance, 
with plants either from Canberra or Evora, and secondly nutrient regime, with either a 
low or high availability of nutrients. There were 20 replicate plants of each of the four 
resulting treatment combinations. The experiment was carried out in Australia in four 
growth chamber cabinets, which were regarded as blocks, each cabinet containing 20 
plants, 5 of each of the treatment combinations. Seeds were collected from numerous E. 
plantagineum populations near Canberra during January 1997 and near Evora during 
June 1996 and stored at room temperatures in the dark prior to the start of the
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experiment. Seeds from Evora were imported into quarantine in Australia during mid- 
1997.
The growth cabinets were set up in September 1997 with day /night temperatures 
of 25715°C and day/night light regimes of 14/10 hours. Pots were 30 cm deep, 25 cm in 
diameter and filled with a 60:40 sand:soil mix to ensure adequate drainage. Each pot 
was sown with 10 seeds of E. plantagineum and after germination thinned to one 
individual per pot. Those pots receiving the high nutrient regime were watered weekly 
with the recommended dose of a commercial liquid based N:P:K fertiliser (THRIVE), 
while those pots receiving the low nutrient regime received no fertiliser. Pots in all 
treatments were otherwise watered equally once every two days The position of pots in 
each growth cabinet was re-randomised weekly.
Plant size was measured at four intervals, 17, 22, 29 and 43 days post 
emergence. Size was measured using an index where the number of fully expanded 
leaves on each plant was multiplied by the length of its longest leaf (blade plus petiole). 
This measure captured both the density of canopy structure and radial expansion aspects 
of the size of E. plantagineum individuals and was well correlated with the shoot and 
root biomass (y=0.007x+0.31, p=<0.001, r2=0.60) (Fig 7.1). The experiment was 
stopped once E. plantagineum individuals began to produce flowering shoots some 43 
to 49 days after the start of the experiment. For E. plantagineum there is no size 
threshold for flowering and reproductive effort is independent of plant size, resulting in 
seed production being linearly related to plant size (Smyth et al. 1997). Consequently, 
differences in the size index of E. plantagineum individuals between the treatments 
would also result in differences between the treatments in their ultimate seed 
production.
For each measurement period the dependent variable, plant size index, was log10 
transformed to normalise the variance and analysed using a factorial ANOVA with the 
explanatory variables of provenance and nutrient regime.
7.3 - Results
No significant differences in plant size were observed between the provenances 
for either of the nutrient treatments at any of the four sample times or in any of the 
blocks (Table 7.1, Fig 7.2). This indicates that individuals of E. plantagineum from 
Canberra did not have inherently higher growth than individuals from Evora.
Plants receiving the high nutrient regime grew significantly larger during the 
experiment than those not receiving nutrients, but this response was similar between the 
provenances (Table 7.1, Fig 7.2).
7.4 - Discussion
No differences were found in the size, and thus the seed production potential, 
between individuals of E. plantagineum from Canberra and Evora at either of the
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Size Index (Number of leaves x length of longest leaf (cm))
Fig 7.1 - The relationship between the size index and the shoot plus root dry biomass o f E. 
plantagineum individuals. The fitted line represents the regression y -  0.007x + 0.31, 
p<0.001, r- = 0.60.
17 Days 22 Days 29 Days 43 Days
df vr F pr vr F pr vr F pr vr F pr
Block 3 2.56 ns 0.36 ns 1.27 ns 0.84 ns
Prov 1 0.21 ns 0.18 ns 0.01 ns 1.98 ns
Block.Prov 3 2.29 ns 0.34 ns 0.21 ns 0.74 ns
Nutrients 1 78.9 * * * 95.92 * * * 210.08 * * * 185.41 * * *
Block.Nutrients 3 0.21 ns 0.86 ns 1.53 ns 0.50 ns
Prov.Nutrients 1 0.48 ns 0.18 ns 0.09 ns 1.94 ns
Block.Prov. Nutrients 
Error
3
57
3.09 * 0.35 ns 0.40 ns 1.25 ns
* = p<0.05, **  = pxO.Ol, * * *  = PcO.OOl, ns = not significant.
Table 7.1 - Summary o f AN O VA tables o f the effects o f the block, provenance (Prov) and 
nutrient regime treatments on the size o f E. plantagineum individuals at each o f the four 
measurement periods.
Days since em ergence
I  17 days 
0  22 days 
E3 29 days 
[3  43 days
Canberra 
No nutrients
Canberra 
Added nutrients
Evora
No nutrients
Evora
Added nutrients
Fig 7.2 - The size o f E.plantagineum individuals from Canberra and Evora grown at high 
and low nutrient availability at each o f the four measurement periods (mean and 95% Cl).
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nutrient supply levels. This result implies that there have been no significant changes in 
the genotype of E. plantagineum following its introduction into Australia in a manner to 
increase the proportion of resources used for growth and reproduction. Similarly, in a 
study of genetic variation (isozyme polymorphism) in E. plantagineum, the genetic 
variability was high and similar in variability between the native and invaded ranges, 
thus providing no evidence of major genetic changes in E. plantagineum following its 
introduction to Australia (eg. founder effects) (Burdon and Brown 1986). The 
comparative study of E. plantagineum populations between Canberra and Evora carried 
out in this thesis is thus unlikely to have been significantly compromised by inherent 
differences in the potential growth and seed production of E. plantagineum individuals 
between the sites.
A possible problem associated with comparative experiments such as that 
carried out in this chapter is attributing any differences in plant performance between 
two sites under standard conditions to genetic differences between plants, while they 
may in fact be due to differing maternal environmental effects between the sites (Mazer 
and Gorchov 1996). For example, if one site from which seeds are collected is better for 
plant growth (eg. more nutrients or water), the maternal plants at that site may invest 
more resources in their seeds, leading to the production of fitter seeds and ultimately 
more vigorous seedlings (Roach and Wulf 1987, Rossiter 1996). The question then 
arises whether plants from one site grew better than from another site, once grown 
under standard conditions, because they were genetically different?, or because the 
maternal environment at that site led to the production of fitter seeds? In the case of the 
comparison of E. plantagineum performance between Canberra and Evora such 
maternal environmental effects are considered unlikely to be significant, as firstly, the 
plants from which seeds were derived were of a similar range of sizes and fecundities at 
both sites, and secondly, no significant differences were detected in the growth of E. 
plantagineum individuals between the sites. While unlikely to be an issue for this 
experiment, it would be necessary to grow E. plantagineum individuals for at least two 
generations under standard conditions to definitively determine if any proportion of the 
growth of E. plantagineum at either site is due to such maternal environmental 
influences.
Few other studies have compared the growth of individuals of an invasive 
species between its native and invaded ranges. Blossey and Notzold (1995) 
demonstrated that individuals of purple loosestrife (Lythrum salicaria) from the 
invasive range in America, with a low herbivore pressure, showed increased vegetative 
growth under identical conditions as compared to individuals from the native range in 
Europe, where there was high herbivore pressure. The experiment with E. plantagineum 
does not provide evidence of such a mechanism operating in populations of this species. 
However, to fully investigate whether Australian individuals of E. plantagineum have 
higher inherent growth and seed production than plants from Mediterranean Europe
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would require seed collections from a larger number of Australian and European 
populations. As patterns may exist in biomass allocation amongst E. plantagineum 
populations within both the native and invaded ranges, a comparison from only one site 
within each range may be insufficient to discern the differences between the continents.
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Chapter 8 - Final discussion
8.1 - Summary of major conclusions
The aim of this project was to compare factors regulating populations of the 
pasture weed E. plantagineum in its invaded range in Australia with those in its native 
range in Mediterranean Europe in order to better understand the ecological mechanisms 
which have allowed E. plantagineum to become more abundant in Australia. To achieve 
this aim, three major questions were posed in the introduction. These three questions 
can now be answered:
1) What are the differences in demographic parameters between E. plantagineum 
populations in the native and invaded ranges?
This question was addressed by estimating demographic parameters of E. 
plantagineum populations at field sites in both the native and invaded ranges. Seedling 
establishment fractions (G) two to five times greater, and seed bank incorporation rates 
(Si) three times greater at Canberra than Evora, were the differences in demographic 
parameters which were most likely to play an important role in the greater abundance of 
E. plantagineum in Australia. Neither seed bank survival rates (<Sb) nor fecundity (F) 
were found to differ between E. plantagineum populations at Canberra and Evora, while 
seedling survival rates (Sj) were always at least two times lower at Canberra than at 
Evora.
2) Which of these differences in demographic parameters are most important in 
determining the differences in population abundance between the native and 
invaded ranges?
This question was addressed by developing a density-dependent population 
model for E. plantagineum. Grazed E. plantagineum populations at Canberra had 
modelled population abundances five times greater and growth rates three times greater 
than grazed populations at Evora. A sensitivity analysis of the model showed that the 
greater abundances of flowering plants and rates of growth of grazed E. plantagineum 
populations in Australia, as compared to Mediterranean Europe, were mostly the result 
of the greater success of seedling establishment (G) in Australia. The higher seed bank 
densities in Australia were mostly due to the greater seed bank incorporation rates (Si) 
in Australia
3) What are the ecological processes creating the differences in demographic 
parameters between the native and invaded ranges?
These questions were addressed using manipulative field and glasshouse 
experiments both in the native and invaded ranges of E. plantagineum. Differences in 
the seedling establishment fraction (G) between the sites appeared to result largely from 
differences in the intensity of competition for establishment space imposed by the 
different plant communities at each site. Considerable areas of bare ground suitable for 
recruitment exist at both sites during autumn. However, higher intensities of
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competition for establishment space imposed by the pasture community at Evora 
resulted in a greater mortality of germinating E. plantagineum seedlings than at 
Canberra. This greater intensity of competition for establishment space experienced by 
seedlings of E. plantagineum at Evora was probably due to the higher abundance of 
competitive rosette forb species present in the pasture at Evora. Differences in species 
richness between the sites may have also acted to increase the competitive effect on E. 
plantagineum seedlings at the richer Portuguese site through the possible supply of 
greater densities of competitor seedlings during autumn germination and the 
maintenance of competitor seedling densities across the range of climatic variation. The 
limited time for establishment at Evora, due to the rapid and often definitive closure of 
bare ground after the onset of autumn rain, may further intensify competition for 
establishment space. In contrast, in Australia there are usually more frequent 
recruitment opportunities. In summary, it appears that a greater number of species, 
particularly those of the same morphological group as E. plantagineum, competing over 
a short germination period for space in the pasture at Evora considerably reduced E. 
plantagineum seedling establishment success. Conversely, interspecific competition for 
establishment space was likely to be less at Canberra due to fewer species, especially of 
the same morphological group as E. plantagineum, germinating over a longer 
germination period.
It is likely that the difference between the sites in seed bank incorporation rates 
(Si) was at least partly due to the greater losses of seed at Evora to post-dispersal seed 
predators, particularly seed-harvesting ants. However, definite conclusions regarding 
the significance of higher rates of post dispersal seed predation at Evora in creating the 
lower seed bank incorporation rates at Evora will require future experiments 
investigating the fate of seeds after their removal by seed predators.
8.2 -Assessment of the demographic approach used in the project
The fact that introduced species often vary in their behaviour in different regions 
provides an on-going experiment in biological invasions. Such comparative studies 
offer opportunities to advance our understanding of the invasion process in general, as 
well as a means to better manage ecosystems to resist such invasions (Kruger et al. 
1989). Comparing the population behaviour between two such environments using 
demographic methods allows the localisation of the mechanisms important in enhancing 
the abundance of the species in one environment, as opposed to the other, by the 
isolation of differences between the populations in particular life history stages. It also 
provides a practical method to scale up from processes occurring at the level of 
individuals, such as competition, to their community level consequences, such as the 
relative abundance of species in a community. Such reductionist approaches to the 
study of species-community interactions are useful in understanding the causes of 
invasions (Simberloff 1985). The approach used in this project involved the coupling of
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comparative and demographic approaches and proved to be powerful in identifying 
mechanisms increasing the abundance of E. plantagineum in the pasture community at 
Canberra as compared to at Evora. It was then possible to test hypotheses derived from 
this approach using focused manipulative experiments. Emphasis in future research on 
plant invasions must move away from purely correlative studies such as the invasibility 
of an ecosystem and attributes such as its diversity, or the invasiveness of a species and 
lists of traits it may possess (Lavorel et al. 1999, in press (b)). A better understanding of 
such relationships will be gained from an emphasis on the underlying mechanisms of 
biological invasions using approaches such as those used in this project.
However, estimating the demographic components of a species’ life history can 
be difficult as survival, growth and reproduction in plant populations can vary 
considerably from site to site and from year to year (Damman and Cain 1998). Echium 
plantagineum populations were followed for only two seasons at each site, thereby 
raising the question of what proportion of the possible variability in population 
demographic parameters has been captured at each site. This question is especially 
important if infrequent episodic events resulting in, for example, exceptional seedling 
survival or seed production, are important in determining E. plantagineum abundance 
for a number of years after the event through the persistence of the seed bank. Not 
having captured such an event over the time period of the project may lead to erroneous 
conclusions. Similarly, the generality of the mechanisms identified in limiting E. 
plantagineum abundance at Evora more so than at Canberra is unknown, as only one E. 
plantagineum population was studied in both the native and invaded ranges. The use of 
only one site in each of the regions may bias the results if the chosen population in each 
region does not behave similarly to other populations in that region. While sites were 
chosen to be typical examples of either native or introduced habitat, and consequently it 
has been assumed that the chosen sites were representative of the range of sites in each 
region, this has not been tested. Ideally, a number of populations, of both high and low 
abundance of E. plantagineum should be studied both in the native and invaded ranges 
to determine the generality of differences between the two regions. Despite these 
shortcomings, a comparative demographic approach has the potential to generate 
hypotheses as to why a species is invasive in a particular environment, the generality of 
which can then be tested over a much wider range of environments.
8.3 - Echium plantagineum in Australia - a symptom rather than the problem?
Many of the species which have become important weeds in mediterranean 
climate areas have been subject to evolutionary forces associated with disturbance for 
millennia in their region of origin (Groves 1986). These forces have favoured the 
evolution of annual herbs, such as E. plantagineum, with a suite of biological responses 
commensal with human agriculture and pastoralism. One such characteristic of these 
species, identified as the "gap grabbing" suite of invasive species in Australia
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(Newsome and Noble 1986), is that they are all early germinators with a fast initial 
growth of rosette formation which can occupy available space before species 
germinating later.
The degradation of the original Australian grasslands and grassy woodlands, 
which were inherently vulnerable to the introduction of human agricultural disturbance 
and livestock, led rapidly to the creation of large areas of frequently disturbed bare 
ground. The massive entry at this time of alien species, such as those from the 
Mediterranean Basin which were often pre-adapted to human activities and the 
exploitation of bare and disturbed ground, ensured that the replacement of native 
species by communities of alien species was pervasive and swift (Mack 1989). The 
paucity of annuals in the original native Australian flora of the mediterranean and 
temperate regions of Southern Australia (Hopper 1979) compared to the current wide 
presence of annual alien species in these regions may indicate how much greater the 
current scale of disturbance is compared with pre-settlement conditions (McIntyre et al. 
1988). The combination of the human creation of large areas of disturbed ground, 
affinities for acidic soils (Piggin and Sheppard 1995), affinities for the mediterranean 
and temperate summer rainfall climates of southern Australia (Forcella et al. 1986) and 
its multiple introductions (Kloot 1982) allowed E. plantagineum, which was largely 
pre-adapted to such conditions through its Mediterranean heritage, to establish in 
Australia and spread to become the ubiquitous species it is today. This combination of 
species traits and the characteristics of the invaded environment illustrates the often 
complex case-specific nature of successful invasions.
Even with improvements in the management of pastures in southern Australia 
such as the introduction of additional perennial grasses, nitrogen fixing legumes and 
fertilisation, frequent plant stress due to drought and over-grazing can lead to the 
development of large areas of bare ground (Beattie 1994). If large areas of pasture are 
available for recruitment for annual species, it is not suprising that in species poor 
improved Australian pastures a few species, such as E. plantagineum, will dominate 
(Sheppard et al., submitted). More generally, the current problem of annual broad-leaf 
weeds and grasses in Australian perennial pastures (Kemp and Dowling 1991, Wilson 
and Simpson 1994) is an inherent problem of the dominant continuous grazing regimes 
creating large areas of bare ground, by grazing perennial species when they are not 
actively growing or stressed, coupled with the lack of beneficial annual species which 
are good competitors for this space. For example, continuous grazing by sheep has been 
shown to favour an increase in annual grasses and broad-leaf weeds with this effect 
being attributed to the preferential grazing of perennials, which maintained some green 
foliage during the non-growing season, leading to the creation of bare ground which can 
be invaded by annual species with the onset of autumn rainfall (Lambert et al. 1986).
Temperate Australian perennial pastures which develop a large amount of space 
for seedling recruitment, particularly during late summer and autumn, will thus always
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be prone to invasion by annual broad-leaf and grass weed species whose biological 
characteristics allow them to occupy such space rapidly and efficiently. Thus E. 
plantagineum should be considered not as an individual "problem" species but as a 
symptom of the broader problem of the management of improved Australian pastures. 
Management solutions for E. plantagineum should thus not be focused purely on the 
species, but more so on the mechanisms allowing the whole suite of annual broad-leaf 
weeds and grasses to become dominant components in Australian pastures.
8.4 - The control of E. plantagineum in Australia
The integrated control of a weed species is defined as the use of one or several 
methods of control when integrated with an understanding of the dynamics of the 
ecosystem in which the plant occurs (Groves 1989). This project has furthered the 
understanding of the dynamics of E. plantagineum populations in the south-east 
Australian pasture environment. A sensitivity analysis of the modelled rates of E. 
plantagineum population growth and abundance to changes in each of the demographic 
parameters suggested that the greatest reductions in population growth and abundance 
in Australia would be achieved through integrating reductions in the seedling 
establishment fraction with reductions in parameters limiting the number of seeds 
reaching the seed bank. While it would be impractical to re-create pastures in Australia 
similar to those in the native range to achieve these aims, the management of grazing in 
Australian pastures could be a powerful tool to both reduce the success of E. 
plantagineum seedling establishment by reducing the availability of bare ground during 
late summer and autumn, and reducing the amount of seed reaching the seed bank by 
increasing the amount of seed destroyed through spring grazing (Smyth et al. 1997). 
Such a strategy, coupled with the several biological control agents now established in 
Australia (Piggin and Sheppard 1995) which may reduce E. plantagineum survival and 
seed production, and the wider adoption of spray-grazing, a sub-lethal herbicide 
application followed by a short period of intense grazing in autumn (Piggin 1979, 
Smyth and Sheppard 1996) which reduces the survival of E. plantagineum rosettes, 
provides the best approach for the management of E. plantagineum in Australian 
pastures. The integrated nature of these control measures is important since, if for 
example E. plantagineum was effectively controlled by the biological control agents, 
but there was no corresponding change in grazing regimes, it is likely that space in the 
pasture during autumn would be exploited by other undesirable winter annual species 
such as thistles or annual grasses.
Weed invasion and the maintenance of weed populations both depend on the 
creation of gaps in perennial pastures (Panetta et al. 1992). This suggests that grazing 
management should aim to maintain the cover and competitive ability of perennial 
grasses during the critical period of late summer and autumn so as to reduce the 
invasive ability of weed species (Beatie 1994). In confirmation of this idea Kemp et al.
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(1990) found that a three month rest from grazing in autumn or winter decreased the 
proportion of weedy annual grasses in Phalaris based pasture. Similarly, Forcella and 
Wood (1986) showed that increases in the basal cover of a pasture decreased the density 
of an annual thistle species. Consequently, an efficient approach for reducing the high 
seedling establishment fraction of E. plantagineum in Australia during autumn may be 
to maximise pasture cover and competitiveness by maintaining significant perennial 
grass cover during late summer and autumn. Indeed, the present project demonstrated 
the strong inhibitory effects of a vegetation sward on the survival of E. plantagineum 
seedlings (see section 4.1.3.2). Maintaining such a perennial cover may be achieved by 
optimising stocking rates to increase pasture cover before autumn and into winter and 
preventing over-grazing during this period, perhaps through the adoption of rotational 
rather than continuous grazing systems. However, perennial species will always be 
restricted in density under any grazing regime by the need to survive the driest time of 
the year and there will almost always be some space or moisture that will be taken up 
by annuals during the cool season (Wilson and Simpson 1994). Consequently, the 
sowing of species during pasture establishment should aim to introduce as wide a 
variety as possible of beneficial space-filling annual pasture species to increase 
competition against E. plantagineum for the available space in the pasture during 
autumn. Such a deliberate promotion of competing plants is an example of a control 
method which adds to the diversity of a community to produce an ecosystem which 
may be better able to resist further invasion (Groves 1989). However, a problem with 
this approach is that many of the species characteristics considered as desirable in plants 
introduced for agriculture can contribute to the chances of such species becoming 
important future weeds, particularly in natural vegetation (Lonsdale 1994). The 
maximisation of the area of pasture covered by perennials, particularly during autumn, 
and an increase in the diversity of beneficial annual species may not only be useful in 
reducing the abundance of E. plantagineum in Australian pastures, but also of many 
other winter annual weed species. It may also befc^j useful in the minimisation of other 
pasture management problems such as soil erosion (Adamson 1976) and soil 
salinisation (Roberts 1995) through the maintenance of persistent living plant cover.
8.5 - Further research
Few studies have yet investigated the mechanisms by which species diversity or 
species identity can play an important role in reducing the invasibility of a community. 
We must begin to understand how such community characteristics can affect the 
strength of interactions within communities in order to increase our ability to predict 
invasions (Lodge 1993). With such knowledge it may be possible to begin to 
manipulate agricultural systems in order to be better able to resist invasive species. In 
the case of annual weeds in Australian pastures, the seasonality of particular weeds is 
often observed, but poorly understood in terms of its interaction with disturbance,
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diversity and climate (Groves 1986). Experimental studies of how species diversity and 
identity, in particular in interaction with climatic variability, may alter competition for 
establishment space during autumn and influence the opportunities for invasive species 
may be valuable. Such research may allow us to predict more accurately which species 
may become weedy in different autumn rainfall regimes as well as aid in the 
development of weed control strategies based on the manipulation of pasture diversity. 
Information from such research may also provide information on the likely shifts in 
pasture composition under climate change scenarios leading to increased rainfall 
variability.
From an applied management perspective, the simple model of E. plantagineum 
population dynamics developed in this thesis could be considerably extended to include 
additional important sources of mortality, such as those due to biological control agents, 
and to model sources of mortality in more realistic ways. At a simple level this may 
involve the inclusion of mortalities and decreases in fecundity due to biological control 
agents as simple proportional decreases in population parameters, with appropriate 
values being derived from field experiments. At a more complicated level, it may be 
useful to integrate the life cycle model for E. plantagineum with life cycle models of the 
biological control agents, where the degree of damage inflicted on E. plantagineum 
would depend on the population abundance of the agents. Similarly, dynamic models of 
grazing could be integrated with the life cycle of E. plantagineum. Such models could 
consider explicitly how the effects of grazing on bare ground, and thus seedling 
establishment, and the consumption of seeds varies within seasons, and across seasons, 
in response to environmental factors such as droughts and management decisions. Such 
extensions of the E. plantagineum population model may be useful in developing 
grazing regimes both able to limit E. plantagineum abundances and remain viable from 
the production perspective, and may aid in the prediction of the effects of introduced 
biological control agents on E. plantagineum population abundance.
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